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SUMMARY 

A STUDY OF INTERPLANETARY SPACE MISSIONS 

The Ast ro  Sciences Center o f  I I T  Research I n s t i t u t e  i s  

performing a series o f  s o l a r  system e x p l o r a t i o n  s t u d i e s  f o r  

NASA under Cont rac t  No. NASr-65(06). i This r e p o r t  completes a 

survey o f  i n t e r p l a n e t a r y  space e x p l o r a t i o n  which w a s  i n i t i a t e d  

w i t h  a p rev ious ly  publ i shed  i n v e s t i g a t i o n  o f  t h e  s c i e n t i f i c  

o b j e c t i v e s .  The g r o s s  requirements f o r  i n t e r p l a n e t a r y  miss ions  

are p resen ted  h e r e  and f o u r  mission p r o f i l e s  are provided by 

way of examples. 
.- 

I n t e r p l a n e t a r y  space can be cons ide red  as ex tending  

from the s o l a r  corona t o  an undefined boundary o f  the s o l a r  system 

and i s  a l l  i n c l u s i v e  except  f o r  t h e  r e l a t i v e l y  s m a l l  volumes 

occupied by the p l a n e t s  and their  n e a r  environments.  It would 

be imprac t i cab le  a t  t h i s  t i m e  t o  c o n s i d e r  miss ions  t o  embrace 

t h e  whole of  t h e  s o l a r  system i n  view o f  t h e  l i m i t e d  knowledge 

which exists even i n  t h e  r eg ion  of the E a r t h ' s  o r b i t .  iThe 

r eg ion  of space which has been cons idered  i n  most d e t a i l  h e r e  

i s  between h e l i o c e n t r i c  r a d i i  of  0.5 AU and 5 AU and h e l i o c e n t r i c  

l a t i t u d e s  o f  + - 50'. 

The s c i e n t i f i c  o b j e c t i v e s  o f  t h e  miss ions  are based on 

previous  r e p o r t s  and inc lude  measurements o f  t h e  s o l a r  wind, 
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i n t e r p l a n e t a r y  magnetic f i e l d ,  cosmic r a y s  and s o l a r  p ro tons ,  

t h e  d i s t r i b u t i o n  of  i n t e r p l a n e t a r y  mat ter  and t o  some e x t e n t  

e l ec t romagne t i c  r a d i a t i o n . /  The missions should be cons ide red  

as e x p l o r a t o r y  s i n c e  they  may be the f i r s t  t o  p e n e t r a t e  t h e s e  

r eg ions  of  deep space., 

exper imenta l  payload has been der ived  which c o n t a i n s  two plasma 

probes ,  two magnetometers , cosmic r a y  d e t e c t o r s  f o r  p a r t i c l e s  

i n  the range 10 t o  1000 meV and 0 . 1  t o  10 meV,  an i o n i z a t i o n  

chamber, a micrometeor i te  d e t e c t o r  and a rad’ometer.] One each 

o f  the plasma probes and magnetometers i s  r e q u i r e d  t o  have a 

t i m e  response of t h e  o r d e r  of  mi l l i s econds  and r e p r e s e n t s  an  

advance i n  t h e  s t a t e  o f  t h e  a r t .  

package has  been assumed f o r  each miss ion  w i t h  similar d a t a  

s t o r a g e  and sequencing equipment. 

has been inc luded  s u f f i c i e n t  only t o  c o r r e c t  launch e r r o r s .  

The main d i f f e r e n c e s  between the f i n a l  payloads are i n  the 

communications requirements  and i n  t h e  types  and o u t p u t s  o f  t h e  

power s u p p l i e s  

- 

From t h e  s c i e n t i f i c  o b j e c t i v e s a  b a s i c  

- 

The same b a s i c  exper imenta l  

- 
Minimal guidance propulsion-l  

The f l i g h t  parameters  f o r  t h e  missions have been s e l e c t e d  

from families of minimum energy deep space t r a j e c t o r i e s  and 

enab le  a good approximation t o  be ob ta ined  f o r  t h e  t i m e  of 

f l i g h t ,  minimum i d e a l  v e l o c i t y ,  communications d i s t a n c e  a long  

the t r a j e c t o r y ,  t i m e  above t h e  d e s i r e d  l a t i t u d e ,  h e l i o c e n t r i c  

f l i g h t  a n g l e  and the i n c l i n a t i o n  o f  t h e  o r b i t  p l ane  f o r  any 

t a r g e t  p o s i t i o n  ( r ,  p) ,  where 0.5 A U < r  < 5 AU, and O o <  B <50°. 
+. 
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I 

The most p e r t i n e n t  of the  miss ion  c o n s t r a i n t s  i s  t h e  

s e l e c t i o n  o f  a t r a j e c t o r y  of high s c i e n t i f i c  u t i l i t y  which must 

be complemented by c o m p a t i b i l i t y  w i t h  launch v e h i c l e  p e r f o r -  

mances and t o t a l  s p a c e c r a f t  weight.  For most mi s s ions  t h e r e  

w i l l  be no launch window c o n s t r a i n t  and no need f o r  midcourse 

guidance. 

power supply  and t h e  a n t i c i p a t e d  r e l i a b i l i t y  a r e  independent 

o f  the i n c l i n a t i o n  of the o r b i t  p l ane  bu t  c r i t i c a l l y  dependent 

on t h e  h e l i o c e n t r i c  d i s t a n c e s  involved. 

It i s  also found that the 'communicat ions system,/  the 
- 

- 
The launch v e h i c l e s  assumed f o r  the miss ions  are t h e  

Atlas Centaur and t h e  Saturn 1B. However i n  most cases addi -  
-. 

t i o n a l  k i c k  s t a g e s  are r e q u i r e d  t o  impart  t h e  h igh  i d e a l  

v e l o c i t i e s  t o  t h e  r e l a t i v e l y  smal l  s p a c e c r a f t .  The Sa tu rn  

vehicle has no t  been cons idered  i n  d e t a i l  due t o  t h e  small  

V 

s p a c e c r a f t  weights  involved which would r e q u i r e  t h r e e  o r  more 

a d d i t i o n a l  s t a g e s  t o  make f u l l  u se  o f  i t s  performance. I n  f ac t  

i t  i s  v e r y  probable  that  a t h r u s t e d  s t a g e  launched by a Sa tu rn  1 B  

w i l l  o f f e r  advantages f o r  i n t e r p l a n e t a r y  missions t o  large 

h e l i o c e n t r i c  l a t i t u d e s .  

Mission p r o f i l e s  have been developed f o r  fou r  miss ions  

and are summarized; i n  t h e  t a b l e  a t  the back o f  t h e  summary. 

However t h e s e  p r o f i l e s  a re  by no means e x c l u s i v e  and may even 

be cons ide red  more as examples. 

t r a j e c t o r i e s  and i n c l u d e  an e c l i p t i c  miss ion  t o  5 . 2  AU 

r e p r e s e n t i n g  t h e  nex t  phase of e c l i p t i c  e x p l o r a t i o n  beyond 

Mariner and PLoneer. Two missions have t a r g e t  areas s p e c i f i e d  

They a l l  u s e  minimum energy 
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in latitude only (13.5" and 22") and should be valuable for 

exploration missions out of the ecliptic plane. 

presented for a mission to a latitucr'e of 15" and above the 

center of the asteroid belt. 

constructing multiple missions where the value lies in obtaining 

data simultaneously from two or more predetermined positions in 

space.1 These may add considerably to the present knowledge of 

the propagation of irregular zones through interplanetary space. 

A profile is 

Final1y:suggestions are made for 

- 
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Report No. M-6 

A STUDY OF INTERPLANETARY SPACE MISSIONS 

1. INTRODUCTION 

I n t e r p l a n e t a r y  space can be considered as extending 

from t h e  s o l a r  corona t o  an undefined boundary of t h e  s o l a r  

s y s t e m  and i s  a l l  i n c l u s i v e  except f o r  t h e  r e l a t i v e l y  sma l l  

volumes occupied by t h e  p l a n e t s  and t h e i r  near  environments.  

This volume of  space must include t h e  o r b i t  of P lu to  wi th  a 

semi-major a x i s  of a lmost  40 AU. It w i l l  con ta in  the  same 

b a s i c  types of p a r t i c l e s  and f i e l d s  throughout,  a l though the  

p a r t i c l e  conf igu ra t ions  and the  f i e l d  p a t t e r n s  may be g r o s s l y  

d i f f e r e n t  i n  d i f f e r e n t  reg ions  of t h i s  volume. It would be 

imprac t i cab le  a t  t h i s  time t o  cons ider  missions t o  embrace t h e  

whole of  i n t e r p l a n e t a r y  space i n  view of t h e  l i m i t e d  knowledge 

which e x i s t s  even i n  t h e  reg ion  of t h e  E a r t h ' s  o r b i t ,  a 

knowledge which a lone  must be used as the  b a s i s  f o r  t h e  design 

of t h e  miss ions .  I n  t h i s  r e p o r t  t h e  reg ion  of space which has  

been considered i n  most d e t a i l  i s  between h e l i o c e n t r i c  r a d i i  of 

0 .5  AU and 5 AU and between h e l i o c e n t r i c  l a t i t u d e s  of  0" and 50". 

There i s  a g r e a t  d e a l  of  explora tory  and confirmatory i n v e s t i -  

arid It Is zlii +L- LLIC 

more complete knowledge of t h i s  r eg ion  t h a t  t he  more ex tens ive  

g a t i o n  t o  be accomplished w i t n i n  this region, 

missions should be based. 
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The s c i e n t i f i c  ob jec t ives  of missions w i t h i n  t h e  above 

a r t i f i c i a l l y  imposed but  r e a l i s t i c  l i m i t a t i o n s  a r e  n o t  d i r e c t e d  

a t  j u s t  mapping t h e  p r o p e r t i e s  of i n t e r p l a n e t a r y  space.  

coupl ing s p e c i f i c  measurement techniques wi th  a j u d i c i o u s  choice 

of  s p a c e c r a f t  t r a j e c t o r i e s  i t  i s  hoped t h a t  t h e  o v e r a l l  s t r u c t u r e  

of p a r t i c l e s  and f i e l d s  i n  space can be deduced. 

e c l i p t i c  t r a j e c t o r i e s  have been included i n  t h i s  mission s tudy .  

The p r i n c i p a l  measurements i n  a l l  reg ions  of space cons idered  

w i l l  be b a s i c a l l y  t h e  same, w i th  a high degree of c o r r e l a t i o n  

r e q u i r e d  between the  i n d i v i d u a l  p a r t i c l e  and f i e l d  measurements. 

Although t h e  s e n s i t i v i t y ,  range and exposed exper imenta l  a r e a  

may d i f f e r  from mission t o  mission i t  i s  s t i l l  p o s s i b l e  t o  con- 

s i d e r  one b a s i c  experimental  payload i n  a b a s i c  s p a c e c r a f t  

s t r u c t u r e  wi th  the  major v a r i a n t s  between t h e  missions being t h e  

weights  of t h e  t r a n s m i t t e r  and antenna and of  t h e  power supply.  

With t h i s  i n  mind an e f f o r t  has  been made t o  keep t h e  weight of 

t h e  b a s i c  s p a c e c r a f t  t o  a minimum and hence preserve  the  maximum 

v e r s a t i l i t y  i n  t h e  choice  of t r a j e c t o r i e s  w i t h i n  t h e  c a p a b i l i t i e s  

of c u r r e n t  o r  near  f u t u r e  launch v e h i c l e s .  

By 

N a t u r a l l y  non- 

The important  mission parameters  f o r  each mission a r e  

determined l a r g e l y  by cons ide ra t ion  of t h e  t r a j e c t o r y  and t o  a 

l e s s e r  e x t e n t  by t h e  temperature  environment and c o l l i s i o n  

hazard .  

i s  p re sen ted  as i t  appears  i n  the o r b i t  p lane .  This al lows the  

r e l a t i v e  p o s i t i o n s  of t h e  s p a c e c r a f t ,  Ea r th  and Sun t o  be r a p i d l y  

deduced throughout  t h e  f l i g h t s .  S i m i l a r l y  m u l t i p l e  mission 

For each mission considered t h e  minimum energy t r a j e c t o r y  
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t ra jec tor ies  are shown i n  t h i s  way and p a r t i c u l a r l y  f o r  e c l i p t i c  

miss ions  i t  i s  p o s s i b l e  t o  see the  launch s e p a r a t i o n  and the 

t r a j e c t o r y  parameters  r e q u i r e d  t o  a l i g n  the s p a c e c r a f t  a t  

s p e c i f i e d  h e l i o c e n t r i c  d i s t a n c e s .  

It i s  l o g i c a l  when cons ide r ing  deep space mis s ions  t o  

want t o  combine i n t e r p l a n e t a r y  and p l a n e t a r y  i n v e s t i g a t i o n s .  

This i s  c e r t a i n l y  p o s s i b l e  f o r  some e c l i p t i c  miss ions  and i s  

no t  imposs ib le  f o r  some n o n - e c l i p t i c  miss ions  which w i l l  of  

cour se  c r o s s  the e c l i p t i c  p l ane .  However the b a s i c  exper imenta l  

payload which has been de r ived  i s  cons idered  necessa ry  f o r  a 

balanced i n v e s t i g a t i o n  o f  the i n t e r p l a n e t a r y  medium and it  

should n o t  be compromised by p a r t i a l  replacement w i t h  p l a n e t a r y  

in s t rumen ta t ion .  A combination of the t o t a l  i n t e r p l a n e t a r y  

payload w i t h  a p l a n e t a r y  one however could  be rewarding i n  s p i t e  

o f  the r e s t r i c t i o n s  n e c e s s a r i l y  p l aced  on t h e  miss ions  by way 

of launch windows and guidance and c o n t r o l .  I n  t h i s  s tudy  an  

e c l i p t i c  mission t o  t h e  r eg ion  of J u p i t e r  has been used as an 

example but  the only  a d d i t i o n a l  equipment i s  a rad iometer  which 

can measure Jov ian  r a d i a t i o n  f rom l a r g e  d i s t a n c e s ,  i . e . ,  

e 0.25 AU from t h e  p l a n e t .  This does no t  impose a launch 

window o r  guidance problem. Otherwise t h i s  s tudy  has  d e a l t  

w i t h  the p u r e l y  i n t e r p l a n e t a r y  a s p e c t s  of  deep space mis s ions .  

2 .  SCIENTIFIC OBJECTIVES OF INTERPLANETARY MISSIONS 

The szizntific ob3 e c t i v e s  of i n t e r p l a n e t a r y  space 

mis s ions  have been s t u d i e d  i n  d e t a i l  i n  previous ASC/IITRI 

r e p o r t s  (Roberts 1964a,b).  It has been shown t h a t  t h e  knowledge 
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o f  p a r t i c l e s  and f i e l d s  i n  the  e c l i p t i c  p l a n e ,  a l though i n  

excess of t h a t  i n  n o n - e c l i p t i c  r eg ions ,  i s  s t i l l  v e r y  far  from 

complete.  The reason  f o r  t h e  predominance o f  e c l i p t i c  d a t a  i s  

t h a t  a l l  s c i e n t i f i c  s p a c e c r a f t  whether E a r t h  o r b i t i n g  o r  i n t e r -  

p l a n e t a r y  have been conf ined  t o  the  e c l i p t i c  p lane .  The l a r g e  

q u a n t i t y  o f  d a t a  which have been o b t a i n e d  have n o t  provided a 

conc lus ive  unders tanding  and i t  i s  f e l t  t h a t  thought should now 

be given t o  miss ions  designed s p e c i f i c a l l y  t o  un rave l  t h e  

i n t r i c a t e  p a t t e r n  o f  p a r t i c l e s  and f i e l d s  over  a l a r g e  volume 

o f  t h e  s o l a r  system, e c l i p t i c  and n o n - e c l i p t i c .  I n  a d d i t i o n ,  

more s o p h i s t i c a t e d  measurements than have been made, w i l l  be 

r e q u i r e d  i n  i n t e r p l a n e t a r y  space w i t h  p a r t i c u l a r  r e f e r e n c e  t o  

c o r r e l a t i o n  between t h e  p a r t i c l e  and f i e l d  measurements and t o  

d e t e c t i o n  of t h e  f i n e  s t r u c t u r e  o f  t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  and the  s o l a r  wind f l u x .  

The s c i e n t i f i c  o b j e c t i v e s  of  and t h e  measurements 

r e q u i r e d  i n  i n t e r p l a n e t a r y  space a r e  summarized i n  Table 1. 

The speed and d i r e c t i o n  o f  t h e  s o l a r  wind f l u x  has 

been monitored i n  t h e  e c l i p t i c  plane and approximate energy 

s p e c t r a  have been taken (Sonnett  1963, GSFC 1964a).  Inadequate  

d a t a  i s  a v a i l a b l e  t o  p r e d i c t  t he  changes i n  t h e  s o l a r  wind 

parameters  as a f u n c t i o n  of h e l i o c e n t r i c  d i s t a n c e  o r  l a t i t u d e ,  

t o  determine t h e  u l t i m a t e  f a t e  of t h e  s o l a r  wind pro ton  and 

e l e c t r n n  plasma? o r  t o  f u l l y  understand t h e  n a t u r e  o f  t h e  

q u i t e  l a r g e  and c o n t i n u a l  f l u c t u a t i o n s  i n  t h e  s o l a r  wind 

(Lust  1963).  
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The measurements of  the i n t e r p l a n e t a r y  magnetic f i e l d ,  

which apply only t o  the  e c l i p t i c  p lane ,  have shown t h e  presence 

of f l u c t u a t i o n s  p a r t i c u l a r l y  i n  the d i r e c t i o n  of  t h e  f i e l d  

( C a h i l l  1963, Ness e t  a l .  1964).  It i s  g e n e r a l l y  agreed t h a t  

t h e  f l u c t u a t i o n s  a r e  r e a l  and a r e  r e l a t e d  t o  the  s o l a r  wind 

motion. The p resen t  s i t u a t i o n  i s  t h a t  t he  o v e r a l l  con f igu ra t ion  

of t h e  i n t e r p l a n e t a r y  f i e l d  cannot be e x p l i c i t l y  expressed as  

a r a d i a l ,  s p i r a l  o r  a d i p o l e  type f i e l d .  To e l u c i d a t e  t h i s  

problem measurements a r e  r equ i r ed  over d i s t a n c e s  of a few 

AU and i n  a number of d i r e c t i o n s  r e l a t i v e  t o  t h e  Sun. Fu r the r -  

more t h e r e  i s  now a need f o r  measurements of t h e  f i n e  s t r u c t u r e  

of t he  f i e l d  f l u c t u a t i o n s  i n  such a way t h a t  they can be 

c o r r e l a t e d  w i t h  t h e  behavior  of  t he  s o l a r  wind. 

Extensive measurements have been made on g a l a c t i c  

cosmic r ays  by monitor ing the  nucleonic  component a t  t h e  s u r f a c e  

of t he  Ea r th  and from ba l loons .  Spacecraf t  d a t a  have confirmed 

t h e  i s o t r o p y  of cosmic r ays  i n  the reg ion  of t h e  Ea r th  o r b i t  

I and v e r i f i e d  t h e  modulations i n  t h e  f l u x  (Forbush decrease  

(Coleman e t  a l .  1961,  Parker  1 9 6 2 ,  Gold 1962),  11 year  s o l a r  

cyc le  v a r i a t i o n s  (Meyer and Simpson 1955, Parker 1958) and the  

27 day r e c u r r i n g  f l u c t u a t i o n  (Goddard 1964b) ) which a r e  

r e l a t e d  t o  s o l a r  a c t i v i t y  and s o l a r  f l a r e s .  The s o l a r  f l a r e s  

expel  e n e r g e t i c  s o l a r  protons (or s o l a r  cosmic r a y s )  but  i t  i s  

not  q u i t e  c l e a r  how they t r a v e l  through space t o  i n t e r c e p t  t he  

E a r t h ' s  o r b i t ,  a t  f i r s t  a s  a broad beam of r a d i a t i o n ,  and l a t e r  

a s  an i s o t r o p i c  f l u x  (Meyer, Parker ,  Simpson 1956).  Measurements 
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of  t h e  energy and mass per  nucleon and of  t h e  f l u x  as func t ions  

of t i m e  and p o s i t i o n  over i n t e r p l a n e t a r y  space  a t  a l l  h e l i o c e n t r i c  

l a t i t u d e s  and a t  d i s t a n c e s  c e r t a i n l y  o u t  t o  5 AU w i l l  add con- 

s i d e r a b l y  t o  t h e  unders tanding  of t h e  propagat ion  o f  cosmic r a y s  

and t h e i r  i n t e r a c t i o n  w i t h  the  i n t e r p l a n e t a r y  magnetic f i e l d .  

The s p a t i a l  d e n s i t y  of i n t e r p l a n e t a r y  m a t t e r  i s  thought  

t o  be g r e a t e s t  i n  t h e  e c l i p t i c  plane but  t he  d e n s i t y  g r a d i e n t  

through space i s  n o t  known (E l sas se r  1963, Alexander,  McCracken 

e t  a l .  1962.). Due t o  t h e  Poynting-Robertson e f f e c t  which causes  

dus t  p a r t i c l e s  t o  s p i r a l  i n t o  the Sun and s o l a r  r a d i a t i o n  

p r e s s u r e  which pushes t h e  sub-micron p a r t i c l e s  o u t  o f  t h e  so l a r  

system, r e p l e n i s h i n g  sources  a r e  r e q u i r e d  t o  main ta in  t h e  

observed d i s t r i b u t i o n  of p a r t i c l e s  i n  say  t h e  z o d i a c a l  l i g h t .  

Debris i n  t h e  o r b i t s  o f  comets (Whipple 1958) ,  and dus t  i n  t h e  

a s t e r o i d  b e l t  (P io t rowski  1953) have been sugges ted  as p o s s i b l e  

r e p l e n i s h i n g  sources .  

p a r t i c l e  f l u x  and s p a t i a l  d e n s i t y  g r a d i e n t  bu t  a l s o  on t h e  

v e l o c i t y ,  s i z e  and d i r e c t i o n  o f  each i n d i v i d u a l  p a r t i c l e  

encountered.  

Data w i l l  b e  r e q u i r e d  no t  only on t h e  

The e lec t romagnet ic  r a d i a t i o n  i n  space ,  which 

probably covers  a range of  23 decades of wavelength (Goldberg 

and Dyer 1961) can be adequate ly  observed from E a r t h  o r b i t a l  

a l t i t u d e s .  However, i t  would be u s e f u l  t o  measure from space 

t h e  electromagnetic radiat ioz? that IC latitude dcper;dez;t, 

a r i s i n g  p o s s i b l y  i n  s o l a r  f l a r e s  and o t h e r  d i s t u r b a n c e s  on t h e  

Sun, and from t h e  p l a n e t s .  
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F i n a l l y  it i s  s u r e l y  probable t h a t  e l e c t r o s t a t i c  f i e l d s  

w i l l  e x i s t  i n  t he  s o l a r  system on a microscopic  and probably a 

macroscopic s c a l e .  Very l i t t l e  knowledge e x i s t s  of t h e  e l e c t r o -  

s t a t i c  f i e l d s  and severe  measurement problems w i l l  a r i s e  i n  t h e  

d e t e c t i o n  of small  e l e c t r i c  f i e l d  g r a d i e n t s .  

3 .  BASIC EXPERIMENTS FOR INTERPLANETARY MISS IONS 

The s c i e n t i f i c  ob jec t ives  of i n t e r p l a n e t a r y  missions 

n a t u r a l l y  determine t h e  types and the  s o p h i s t i c a t i o n  of t h e  

r e q u i r e d  s c i e n t i f i c  ins t ruments .  The b a s i c  ins t ruments  r e q u i r e d  

a r e  : 

a )  Plasma probes 
b)  Magnetometers 
c )  Cosmic r a y  te lescopes  
d) So la r  proton d e t e c t o r s  
e )  S o l i d  p a r t i c l e  de t ec to r s  
f )  Radiometers 

and a r e  summarized i n  T a b l e  2 .  

Experiments involving a l l  of t h e  above b a s i c  types of 

ins t rument  have a l r e a d y  been flown, mainly i n  Ea r th  o r b i t a l  

miss ions  bu t  a l s o  towards the  moon and Venus ( C a h i l l  1963, 

Sonnet t  1963,Lust 1963, Kaiser  1963). It i s  t h e r e f o r e  p o s s i b l e  

t o  s p e c i f y  both the  weight  and power requirements  f o r  t hese  

i n d i v i d u a l  s t a t e  of t h e  a r t  experiments w i th  reasonable  

accuracy.  However t h i s  i s  no t  an adequate  c r i t e r i o n  i n  t h a t  

a ------ V C ~ Y  LlllpuL -..-nn-t-n-t L a i i C  cruybGc m c r r o p +  cf interplanetary missions i s  the  

i n t e g r a t i o n  of t h e  experiments i n  such a way t h a t  t h e  d a t a  can 

be f u l l y  c o r r e l a t e d  when analyzed. This w i l l  r e q u i r e  advanced 

I I T  R E S E A R C H  I N S T I T U T E  

8 



Table 2 

BASIC EXPERIMENTAL PACKAGE FOR INTERPLANETARY MISSIONS 

Lbs. Watts B i t s  / sec Remarks 

Plasma Probes 
Energy spectrum 4 
D i r e c t i o n  6 

F a s t  response  - 

Magnetometers 

3 a x i s  f l u x g a t e  5 
F a s t  response  - 

Rubidium vapor  6 

C o s m i c  Ray Telescope 
10 m e V  - 1 beV 5 

S o l a r  Proton Detec tor  
100 keV - 10 m e V  5 

I o n i z a t i o n  Chamber 
Neher - r a d i a t i o n  dose 2 

Micrometeor i te  d e t e c t o r  
1-10 m2 area 15 

Radiometer 
200 m c / s  - o p t i o n a l  5 

- 
K.2 
J J  

Engineer ing  d a t a  

1 
5 

- 

1 
- 
8 

1 

1 

0.2 

0.5  

1 

- 
18.7 

0.5 
4 

3 

1 
10 

0.25 

0.1 

0 . 1  

- 

- 

0 .1  

- 
19.05 

2 

Approximate t o t a l s  5 5  l b s .  20 w 2 1  b i t s / s e c  

1 energy l e v e l / l 5  secs 
D i r e c t i o n  w i t h i n  + 2.5 
square  degrees  every  
15 secs 
1 reading/msec,  2 secs/ 
day, t r a n s m i t  1 h r / d a y  1 

1 measurement/l5 s e c s  
1 reading/msec,  2 secs/ 
day, t r a n s m i t  1 hr /day  
1 measurement/Z mins. 

Measurement p e r  cosmic 
r a y  i n t e r c e p t e d  

Measurement p e r  s o l a r  
pro ton  i n t e r c e p t e d .  
S torage  r e q u i r e d  f o r  
s o l a r  even t s .  

I n t e g r a t e s  dose 

Measurement/col l is ion 

S o l a r  o r  p l a n e t a r y  
r a d i o  emission 
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plasma probes and magnetometers wi th  s h o r t  t i m e  r e s o l u t i o n s  

and w i l l  involve p a r t i c u l a r  a t t e n t i o n  being pa id  t o  t h e  r e l a t i v e  

t iming of  each sample measurement. For example t o  measure the  

c h a r a c t e r i s t i c s  of smal l  shock waves i n  t h e  s o l a r  wind, and 

the  a s s o c i a t e d  magnetic f i e l d  s t r u c t u r e ,  w i l l  r e q u i r e  measure- 

ments w i th  a s p a t i a l  r e s o l u t i o n  of a t  l e a s t  an ion  gyroradius ,  

about  100 km, and perhaps even down t o  a Debye l eng th  of about 

100 meters .  T h i s  w i l l  r e q u i r e  a r e s o l u t i o n  of t h e  order  of 

mi l l i s econds .  To measure t h e  magnetic f i e l d  i n  space ,  expressed 

i n  t e r m s  of axes based on t h e  s o l a r  wind motion w i l l  r e q u i r e  

t h r e e  a x i s  magnetometer and plasma probe da ta  i n  a time s h o r t  

compared t o  t h e  pe r iod  of f l u c t u a t i o n s .  It may thus be 

p r e f e r a b l e  say  t o  t a k e  continuous and s imultaneous magnetic 

f i e l d  and s o l a r  wind d a t a  w i t h  good r e s o l u t i o n  over a per iod  

of s e v e r a l  minutes but  only once every few hours i f  t h e  power 

demand i s  l a r g e .  This may be more meaningful than u n c o r r e l a t a b l e  

d a t a  from samples taken a t  r egu la r  s h o r t  i n t e r v a l s .  

Each of  t he  bas i c  experiments i s  d iscussed  below. 

3 . 1  Plasma Probes 

The two b a s i c  types of plasma probe which have been 

used i n  s p a c e c r a f t  a r e  t h e  Faraday Cup and t h e  curved p l a t e  

e l e c t r o s t a t i c  ana lyzer  both of which were c a r r i e d  on IMP I. 

The d i f f e r e n c e s  between t h e  two a r e  l a r g e l y  mechanical s i n c e  

hn+h U V L l l  1 - c ~  UYC u 3 mnr I l l1a ter I  L..” -u-u--- o l o r t r n n t a t i c  - - - -_-_____. f i e l d  t o  accept  plasma 

p a r t i c l e s  w i t h i n  a d i s c r e t e  energy band and both measure t h e  

f l u x  of p a r t i c l e s  over a predetermined energy spectrum. 
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However, they have a disadvantage i n  t h a t  t h e  output  from the  

probes i s  a c u r r e n t  p ropor t iona l  t o  the  f l u x  of  charged 

p a r t i c l e s  being de tec t ed  (protons and e l e c t r o n s  must be 

measured s e p a r a t e l y )  and t h e  measurements a r e  r e l a t i v e  t o  the  

unknown charge on the  

f l u x  a t  1 AU over a l l  

and e lec t rons /cm / sec  2 

s p a c e c r a f t .  Since t h e  t o t a l  s o l a r  wind 

ene rg ie s  o n l y  averages some 10 protons 

(Wheelock 1963) , t h i s  r e p r e s e n t s  a 

8 

-11 2 maximum p o s s i b l e  c u r r e n t  dens i ty  of 1 . 6  x 10 amps/cm . To 

ensure  t h a t  t h e  s o l a r  wind can be d e t e c t e d  even when the  

f l u c t u a t i o n s  minimize t h e  f l u x  and p a r t i c u l a r l y  when only 

narrow bands of  t h e  spectrum a r e  being sampled, t h e  tendency 

i s  toward l a r g e  a r e a ,  wide angle probes.  This has meant t h a t  

l i t t l e  d e t a i l e d  d i r e c t i o n a l  information has  been obta ined  on 

t h e  s o l a r  wind motion, and the re fo re  l i t t l e  c o r r e l a t i o n  has 

been p o s s i b l e  between the  instantaneous d i r e c t i o n s  of  t h e  s o l a r  

wind and t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  To o b t a i n  t h i s  

c o r r e l a t i o n ,  narrow angle  de t ec to r s  w i l l  be r equ i r ed  which w i l l  

have t o  be a b l e  t o  d i sc r imina te  over t h e  energy range of t he  

s o l a r  wind and be arranged o r  be a b l e  t o  scan s o  t h a t  t h e  pre-  

dominant wind motion can be determined f o r  each energy band. 

The loss  i n  o v e r a l l  d e t e c t i o n  e f f i c i e n c y  which accompanies 

narrow ang le  d e t e c t i o n  w i l l  probably mean t h a t  t h e  p r e s e n t  D . C .  

techniques must be excluded and t h a t  charged p a r t i c l e  counters  

w i l l  have cc! he 1-ised t o  d e t e c t  t he  i n d i v i d u a l  protons and 

e l e c t r o n s  , with  d i r e c t  pu lse  ampl i f i ca t ion  being gained e i t h e r  
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i n  a gas  o r  semiconductor o r  more probably us ing  secondary 

emission i n  vacuum (Ogilvie  e t  a l .  1963) .  

It i s  suggested t h a t  two plasma probes be included i n  

t h e  b a s i c  experimental  package, the f i r s t  t o  sample t h e  energy 

spectrum of t h e  s o l a r  wind and the  second t o  determine the  

p r i n c i p l e  motion of t h e  s o l a r  wind plasma. 

A curved p l a t e  e l e c t r o s t a t i c  ana lyzer  wi th  a f a i r l y  wide 

angle  of view (say 20" x 90") would be s u i t a b l e  f o r  measuring 

t h e  energy spectrum of  t h e  s o l a r  wind. The e f f e c t i v e  c r o s s  

s e c t i o n a l  a r e a  can be  made l a r g e  enough t o  measure t h e  spectrum 
a t  d i s t a n c e s  a s  f a r  a s  5 AU from t h e  Sun ( f l u x  e 5 x 10 6 2  /cm / s e c )  

without  too much d i f f i c u l t y .  The weight  of such a probe would 

be about  4 l b s .  and it would r e q u i r e  about  1 w a t t  of power. To 

ob ta in  a f l u x  measurement t o  5% i n  20 energy ranges every 5 

mins can be achieved wi th  an average of 0 .5  b i t s / s e c  of  d a t a .  

The d i r e c t i o n a l  plasma probe should be capable  of con- 

t i n u o u s l y  monitor ing t h e  d i r e c t i o n  of maximum f l u x  t o  w i t h i n  

about  + - 2 . 5  square degrees .  

ment does no t  e x i s t  a t  p r e s e n t .  A p o s s i b l e  arrangement w i l l  

c o n s i s t  of say f i v e  o r  p re fe rab ly  more co l l ima ted  d e t e c t o r s  

which w i l l  scan and home i n  on the  d i r e c t i o n  of maximum f l u x .  

I t s  duty  cyc le  should be  r e l a t e d  t o  t h e  magnetometer measuring 

the  d i r e c t i o n  of  t he  magnetic f i e l d  and cont inuous measurements 

f o r  1 hour i n  24 hours might wel l  be adequate .  

spectrum should a l s o  be measured w i t h  t h e  f i r s t  probe dur ing  

the  duty  cyc le  so t h a t  the  predominant energy band can be 

A s u i t a b l e  f l i g h t  t e s t e d  i n s t r u -  

The energy 
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a s c e r t a i n e d .  The weight o f  t h i s  u n i t  should  be about  6 l b s .  

and i t  could  r e q u i r e  about 5 watts of  power wh i l e  i n  ope ra t ion .  

The informat ion  r a t e  t o  provide  d i r e c t i o n a l  s o l a r  wind f l u x  

d a t a  every  15 secs t o  an accuracy o f  + 2.5 square  degrees  should 

be about  4 b i t / s e c .  

t h i s  ins t rument .  By comparing the ou tpu t  i n  the d i r e c t i o n  o f  

maximum f l u x  w i t h  t h a t  a t  say  90" t o  t h e  maximum i t  should be 

p o s s i b l e  t o  d e r i v e  an i o n  temperature  f o r  t h e  plasma. 

r a t e  of 1 p e r  minute should be adequate f o r  t h i s .  Another 

impor tan t  a p p l i c a t i o n  i s  the use  o f  t h e  d e t e c t o r  a l i g n e d  w i t h  

the p r i n c i p a l  plasma d i r e c t i o n  f o r  s h o r t  t i m e  r e s o l u t i o n  da ta .  

One r ead ing  p e r  m i l l i s e c o n d  f o r  two seconds each day w i l l  r e q u i r e  

about  10 b i t s  o f  in format ion  t o  be t r a n s m i t t e d .  If t h i s  i s  

t r a n s m i t t e d  over  a one hour per iod  t h e  b i t  r a t e  r e q u i r e d  w i l l  

be  some 3 b i t s / s e c .  

- 
However t h i s  on ly  r e p r e s e n t s  one use of  

A sampling 

4 

3.2  Magnetometers 

The four  b a s i c  types  o f  magnetometer which have been 

c a r r i e d  i n  space probes a re  l i s t e d  i n  Table 3 ( C a h i l l  1963, Ness 

e t  a l .  1964). The two dev ices  most a p p l i c a b l e  t o  t h e  measurement 

of i n t e r p l a n e t a r y  f i e l d s ,  which are g e n e r a l l y  less  than  107) ( l o w 4  

gauss)  are t h e  Rubidium vapor and t h e  f l u x g a t e  magnetometers. 

The Rubidium vapor device  measures  the a b s o l u t e  va lue  of t h e  

f i e l d ,  w h i l e  the f l u x g a t e  has  an a d j u s t a b l e  range which r e q u i r e s  

calibration. The Rub id ium v i p n r  magnetometer i s  b a s i c a l l y  a 

scalar device ,  measuring magnetic f i e l d  i n t e n s i t y  and i s  on ly  made 

t h r e e  dimensional  by the a p p l i c a t i o n  of  t h r e e  or thogonal  b i a s  

I l l  R E S E A R C H  I N S T I T U T E  
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fields in sequence. It is not possible to make measurements 

along three axes simultaneously with a single device and in the 

past a time of about 2 minutes has been necessary for a measure- 

ment of the magnetic vector. 

magnetometer it is possible to make simultaneous three axis 

On the other hand with a fluxgate 

measurements provided cross modulation between the axes can be 

avoided. 

It is suggested that two magnetometers, one of each 

type be included in the experimental package to provide a con- 

tingency against failure and to make best use of the power 

supply and the overall range of the system. 

A fluxgate magnetometer which will measure the magnetic 

vector in three components simultaneously is suggested for most of 

the measurements. 

5 lbs. and will require an operating power of less than one watt. 

A suitable range would be say + 25 gammas to allow for long term 
drifts and to cover the expected range of magnetic field intensity 

between 0.5 and 5 AU. The operating cycle can easily be adjusted 

to suit particular missions but continuous operation for one hour 

each day which gives a magnetic field measurement for each plasma 

energy level every 15 seconds to an accuracy of + 2% will only 

require a transmission rate of 1 bit/sec. 

It can be made within a weight limit of about 

- 

- 
To provide short time 

response measurements from a triaxial fluxgate magnetometer will 

require some development because at present t h e  g a t h g  p ~ 1 s e s  have 

a rate only of about 1000/sec. Nevertheless it is valid to think 

in terms of a three dimensional field measurement taken 
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each mi l l i s econd  which can be c o r r e l a t e d  w i t h  the  s o l a r  wind 

d a t a .  I f  a t h r e e  a x i s  measurement i s  taken each mi l l i second 

f o r  two seconds each day a t o t a l  of 4 x lo4  b i t s  w i l l  be  acqu i r ed .  

This can be t r ansmi t t ed  over an hour a t  a b i t  r a t e  of  about 

10 b i t s l s e c .  

t h e  o t h e r s  i n  Table 2 ,  but  i t  can be accommodated on many 

i n t e r p l a n e t a r y  missions and i t  makes a new type of measurement 

This t ransmiss ion  r a t e  i s  q u i t e  l a r g e  compared t o  

p o s s i b l e .  

The Rubidium vapor magnetometer i s  provided b a s i c a l l y  

f o r  c a l i b r a t i o n  but  a l s o  t o  serve i f  t he  magnetic f i e l d  i n t e n s i t y  

exceeds t h e  range of t he  f luxga te  magnetometer. The weight of 

t h i s  device  w i l l  be about  6 l b s .  and t h e  power demand of about  

8 w a t t s  i s  l a r g e l y  consumed i n  maintaining t h e  Rubidium lamp 

w i t h i n  f a i r l y  narrow temperature  l i m i t s  a t  about  40°C. A f u l l  

three-dimensional  measurement may take  about  2 minutes by 

sampling each a x i s  i n  t u r n  i n  each d i r e c t i o n .  The information 

r a t e  r e q u i r e d  w i l l  be  about  0 .25 b i t s / s e c .  

3 . 3  Cosmic Ray Detec tors  

3 . 3 . 1  Primary Cosmic Ray Telescope (10 meV t o  1 beV) 

Outside t h e  atmosphere of t h e  Ea r th  it i s  p o s s i b l e  

t o  d e t e c t  cosmic r ay  p a r t i c l e s  d i r e c t l y .  The peak of t he  f l u x  

vs. energy d i s t r i b u t i o n  f o r  primary cosmic rays  occurs  a t  about 

1 beV and t h e s e  p a r t i c l e s  can pene t r a t e  hundreds of grams/cm 

of  s topp ing  m a t e r i a i s .  

determining the  mass, range and energy of t hese  high energy 

p a r t i c l e s  i s  t o  measure the  r a t e  of energy depos i t i on  ( a ) i n  

2 

T h e  technique used rr?cet e f fec t ive ly  f o r  

dE 
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a s e r i e s  of r e l a t i v e l y  t h i n  de t ec to r s  which may number more 

than s i x  i n  a s i n g l e  device (Simpson e t  a l .  1962, 1964).  

Because of the  n e c e s s i t y  t h a t  a de t ec t ed  p a r t i c l e  should pass  

through the  whole s t a c k  of  d e t e c t o r s  and because the  diameter  

of t he  i n d i v i d u a l  d e t e c t o r s  i s  l imi t ed ,  t h e  device w i l l  only 

g ive  an output  f o r  p a r t i c l e s  i n  a narrow angle  of acceptance.  

It hence becomes a t e l e scope  w i t h  def ined  d i r e c t i o n a l  p r o p e r t i e s .  

By c a l i b r a t i o n  and comparison of each of t he  d e t e c t o r  ou tputs  

both the  mass and t h e  t o t a l  energy of t h e  cosmic r ay  n u c l e i  can 

be determined over a f a i r l y  wide range.  It i s  a l s o  p o s s i b l e  t o  

measure the  e l e c t r o n  component of primary cosmic r a d i a t i o n .  A 

t e l e scope  t o  measure t o t a l  energy, range and - f o r  protons and 

a lpha  p a r t i c l e s  between 10 meV and 1 beV would weigh about 

8 l b s .  and r e q u i r e  an o p e r a t i o n a l  power of about  1 w a t t .  For 

cont inuous ope ra t ion  wi th  l imi t ed  s t o r a g e  a v a i l a b l e  an i n f o r -  

mation r a t e  of 0 .5  b i t s / s e c  should g ive  a h igh  count ing e f f i c i e n c y  

and a r e s o l u t i o n  of about 5% per d e t e c t o r .  

dE 
dx 

3.3 .2  So la r  Proton Detectors  (lOOkeV t o  10 meV) 

It i s  p o s s i b l e  for  t he  above type  of d e t e c t o r  

t o  be used f o r  t h e  low energy corpuscular  emissions from the  

Sun (mainly pro tons)  w i th  energ ies  t h a t  r a r e l y  exceed 1 beV. 

However they a r e  unnecessa r i ly  complex f o r  t h i s  purpose and 

s impler  devices  have been cons t&cted .  

w i th  j u s t  one o r  a t  m o s t  two t h i n  - Ja+a , -+m-~  i n  f r o n t  of i t  

would be adequate.  The s c i n t i l l a t i o n  d e t e c t o r  measures the  

t o t a l  energy of i n d i v i d u a l  p a r t i c l e s  and t h e  d e t e c t o r s  a l low 

A t h i c k  s c i n t i l l a t o r  
dE 
dx ULLC---V-- 

dE 
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t h e  instrument  t o  be c a l i b r a t e d  i n  terms of charge s p e c t r a  and 

i n  terms of mass f o r  s i n g l y  charged p a r t i c l e s .  

of t h e  instrument  w i l l  be i n  t h e  r eg ion  of 5 l b s .  and w i l l  

r e q u i r e  a power of about 1 w a t t ,  The instrument  should be 

s e n s i t i v e  t o  protons and a lpha  p a r t i c l e s  i n  the  range 100 keV 

t o  10 meV and t h e  f l u x  of these  p a r t i c l e s  w i l l  be h igh  during 

per iods  of s o l a r  a c t i v i t y  but l o w  between t h e s e  pe r iods .  Thus 

t h e r e  i s  a s t o r a g e  requirement  f o r  t h e  da t a  which should be 

such a s  t o  permit  complete t ransmission a t  an average r a t e  of 

0 . 1  b i t s / s e c .  

The t o t a l  weight 

3 3 . 3  Ion iza t ion  Chamber 

The experimental  package should inc lude  an 

i o n i z a t i o n  chamber of  t h e  Neher type which w i l l  e f f e c t i v e l y  

i n t e g r a t e  t h e  t o t a l  i o n i z a t i o n  produced i n  a known volume of 

s t anda rd  dens i ty  a i r  and thus be a r a d i a t i o n  monitor.  The 

instrument  can be arranged t o  give an output  pu l se  a f t e r  a 

predetermined amount of i o n i z a t i o n  has  occurred o r  a t  r e g u l a r  

time i n t e r v a l s .  It w i l l  r ese t  a f t e r  each p u l s e .  It w i l l  be 

a s imple r e l i a b l e  instrument  weighing only 2 l b s .  and r e q u i r i n g  

an average power of  about 0 . 2  wa t t s .  The d a t a  r a t e  from t h i s  

r a d i a t i o n  monitor w i l l  be n e g l i g i b l e  except  perhaps dur ing  a 

l a r g e  s o l a r  f l a r e .  

3 . 4  Micrometeori te  Detectors  

The masses of t he  p a r t i c l e s  i n  i n t e r p l a n e t a r y  space 
range from about  10 -15 

of p a r t i c l e s  i n c r e a s e s  

gms t o  many t e n s  of grams. The f l u x  

r a p i d l y  a s  t h e  mass decreases  a s  can be 
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seen i n  Figure 1. I n  order  t o  a n t i c i p a t e  a s i g n i f i c a n t  number 

of c o l l i s i o n s  wi th  a micrometeori te  d e t e c t o r  of reasonable  a r e a  

(” 1 m ) ,  i t  i s  important  t h a t  p a r t i c l e s  of low mass 

(e gms) be de tec t ed .  The requi red  information from micro- 

m e t e o r i t e  d e t e c t o r s ,  and t h i s  has n o t  been completely accom- 

p l i s h e d  y e t ,  i s  t o  determine a l l  t h e  dynamical p r o p e r t i e s  of 

each impacting p a r t i c l e  and the  t o t a l  number of  c o l l i s i o n s  p e r  

u n i t  t i m e  and a r e a .  The dynamical p r o p e r t i e s  r e q u i r e d  a r e  s i z e ,  

mass, d e n s i t y ,  v e l o c i t y ,  energy and momentum some of which a r e  

i m p l i c i t .  

2 

The most widely used type of d e t e c t o r  up t o  t h e  p re sen t  

time has been the  a c o u s t i c  device which records  t h e  impact of 

t h e  p a r t i c l e  c o l l i s i o n .  The s i g n a l  can be i n t e r p r e t e d  i n  terms 

of t h e  momentum of  t h e  c o l l i d i n g  p a r t i c l e .  The impact ing 

energy of a p a r t i c l e  can be de tec ted  us ing  a c r y s t a l  d e t e c t o r  

i n  which t h e  l i g h t  ou tput  from the c o l l i s i o n  wi th  t h e  c r y s t a l  

i s  t h e  s i g n a l .  Another type of d e t e c t o r ,  which has n o t  been 

f l i g h t  t e s t e d  but  which seems promising uses  two l i g h t  s c reens .  

The s c a t t e r e d  l i g h t  a s  a p a r t i c l e  passes  through t h e  screens  

i s  d e t e c t e d ,  and by the  time s e p a r a t i o n ,  t h e  v e l o c i t y  of t h e  

p a r t i c l e  can be c a l c u l a t e d  (Neuman 1963) .  A v i r t u e  of t h i s  

d e t e c t o r  i s  t h a t  i t  does not  des t roy  t h e  p a r t i c l e  i n  t h e  

measurement. 

The methods which are now r a p i d l y  ga in ing  usage r e l y  

on the p e n e t r a t i o n  of s p e c i f i c  m a t e r i a l s  by t h e  p a r t i c l e .  

Simple devices  inc lude  a matr ix  of p re s su re  cans o r  w i r e  g r i d s ,  
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* Sov ie t  Mars probe. 

t h e  information being t h a t  cans have been punctured o r  wi res  

broken by impacts and hence a r e  not  included subsequent ly  i n  

t h e  e f f e c t i v e  a r e a  of t h e  d e t e c t o r .  

o p t i c a l l y  determine t h e  s i z e  and shape of p e n e t r a t i o n  ho le s  i n  

t h i n  p l a s t i c  f i l m s  and count  t h e  c o l l i s i o n s  by capac tor  a c t i o n  

between conduct ing f i l m s  on each s i d e  of t he  p l a s t i c .  

device u s u a l l y  wi thout  t he  o p t i c a l  system i s  becoming popular  

f o r  l a r g e  a r e a  d e t e c t o r s  l a r g e l y  because of t he  s m a l l  weight /  

u n i t  a r e a ,  low power consumption, compact fo lded  volume, and 

h igh  count ing e f f i c i e n c y .  

More complex devices  

This 

It i s  suggested t h a t  t he  l a t t e r  t y p e  of f i l m  capac i tance  

d e t e c t o r  be included i n  t h e  experimental  payload. Using t h e  

Mariner r e s u l t s  of one count  i n  150 days a s  a guide it  would 

seem t h a t  a l a r g e  a r e a  device i s  r e q u i r e d  f o r  i n t e r p l a n e t a r y  

missions s a y  a t  l e a s t  1 square meter.  

f o r  a s t a t i s t i c a l l y  s i g n i f i c a n t  number of c o l l i s i o n s  i n  non- 

e c l i p t i c  reg ions  and an a r e a  a s  l a r g e  a s  10 square meters  may 

be r e q u i r e d .  However i n  comet o r b i t s  and i n  t h e  a s t e r o i d  b e l t  

i t  i s  probable  t h a t  t h e  c o l l i s i o n  r a t e  may be q u i t e  high 

(1 count/min was obta ined  as Mars I t r a v e r s e d  the  Taurid meteor 

s t ream)  and i t  w i l l  t h e r e f o r e  be necessary  t o  r e t r a c t  a s i g n i f i -  

c a n t  a r e a  of d e t e c t o r  t o  preserve i t s  e f f e c t i v e  c r o s s  s e c t i o n  

f o r  l a t e r  p a r t s  of t h e  mission.  

be such t h a t  it w i l l  s t i l l  give s u f f i c i e n t  da t a  on reg ions  of  

h i g h  p a r t i c l e  dens i ty .  

This may be inadequate  

* 

The remaining sma l l  a r e a  should 
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2 For a 10 m f i l m  t h e  weight w i l l  be on ly  one o r  two 

l b s .  and t h e  a s s o c i a t e d  e l e c t r o n i c s  would weigh a f u r t h e r  2 l b s .  

Adding t o  t h i s  t h e  s t r u c t u r e  t o  deploy and r e t r a c t  t h e  d e t e c t o r s  

w i l l  g i v e  a t o t a l  weight of  s ay  15 l b s .  i n c l u s i v e .  The average 

power requirement  w i l l  be less than 0.5 w a t t s  and t h e  b i t  r a t e  

w i l l  be  n e g l i g i b l e  except  i n  reg ions  of h i g h  p a r t i c l e  d e n s i t y .  

3.5 Radiometers ( o p t i o n a l )  

For c e r t a i n  i n t e r p l a n e t a r y  missions i t  w i l l  be 

advantageous t o  inc lude  a radiometer i n  t h e  exper imenta l  package. 

The advantage t o  be ga ined  compared t o  E a r t h  measurements l ies  

l a r g e l y  i n  t h e  r e l a t ive  p o s i t i o n  of  t h e  s p a c e c r a f t  w i t h  r e s p e c t  

t o  t h e  r a d i o  source  r a t h e r  than i n  inc reased  r e s o l u t i o n  o r  

s i g n a l  s t r e n g t h .  

from s o l a r  f I a r e s , s a y  200 mc/sec, n o n - e c l i p t i c  measurements 

might h e l p  i n  determining t h e  d i r e c t i o n a l i t y  of  t h e  r a d i o  

emiss ion .  I n  t h e  c a s e  o f  p l a n e t s ,  and e s p e c i a l l y  J u p i t e r ,  

For r a d i o  emission from t h e  Sun and p a r t i c u l a r l y  

decameter r a d i a t i o n  measurements from miss ions  which f l y  by t h e  

p l a n e t  may be u s e f u l  i n  i n t e r p r e t i n g  the measurements taken  

from the E a r t h .  

i s  r e q u i r e d  but  simply a knowledge of  t h e  r a d i a t i o n  i n  the  

Nei ther  a narrow beam width nor  h igh  r e s o l u t i o n  

source - spacec ra f t  d i r e c t i o n .  Therefore a d i p o l e  a r r a y  w i l l  

probably be adequate  as an antenna. 

should  be on ly  about 5 l b s .  and a power of  1 w a t t  should be 

adequate .  T'ne iIiforiiiatton t~ be transmftted i s  t h e  r e l a t ive  

i n t e n s i t y  of t h e  s i g n a l  and should r e q u i r e  on ly  a nominal b i t  

r a te  less than  0 . 1  b i t s / s e c .  

The weight  o f  t h e  system 
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There a r e  many r a d i o  frequency experiments  which should  

and could  be c a r r i e d  o u t  from i n t e r p l a n e t a r y  s p a c e c r a f t .  

t h e  i n t e r e s t  of  keeping the  bas ic  s p a c e c r a f t  weight t o  a 

minimum, c o n s i d e r a t i o n  has  on ly  been given t o  those  which t a k e  

advantage o f  t h e  d i f f e r e n t  p e r s p e c t i v e  of s o l a r  system sources  

ob ta ined  from deep space t r a j e c t o r i e s .  The two sugges t ions  

I n  

above are  used  as examples. 

4 .  FLIGHT PARAMETERS FOR INTERPLANETARY SPACE MISS IONS 

The t r a j e c t o r y  i s  an important  a s p e c t  o f  a l l  i n t e r -  

p l a n e t a r y  space mis s ions ,  bo th  i n  and o u t  of  t h e  e c l i p t i c  p l ane ,  

because t h e  p r i n c i p a l  o b j e c t i v e  i s  c o l l e c t i o n  o f  d a t a  a long  

the f l i g h t  pa th .  

be selected i n  t e r m s  o f  i t s  s u i t a b i l i t y  t o  the s c i e n t i f i c  ob- 

j e c t i v e s ,  i t s  c o m p a t i b i l i t y  w i t h  launch v e h i c l e s ,  s p a c e c r a f t  

weight ,  r e l i a b i l i t y  and communications demands. Therefore  t h e  

It i s  r equ i r ed  t h a t  t h e  optimum t r a j e c t o r y  

f l i g h t  parameters  have been determined a f t e r  c o n s i d e r a t i o n  no t  

on ly  o f  t h e  i d e a l  v e l o c i t y  and t i m e  o f  f l i g h t  parameters  bu t  

by s e l e c t i o n  from f a m i l i e s  of minimum energy deep space t r a -  

j e c t o r i e s  t o  h e l i o c e n t r i c  d i s t a n c e s  between 0.5 and 5 AU and 

h e l i o c e n t r i c  l a t i t u d e s  between + - 50". 

j ec tor ies  are given i n  Appendix 1 a t  t h e  back o f  t h i s  r e p o r t .  

The fami l ies  of  t ra-  

There are ,  i n  f a c t ,  a l a rge  number o f  t r a j e c t o r i e s  t o  

a g iven  p o i n t  i n  space and each w i l l  be a s s o c i a t e d  w i t h  a 

s p e c i f i c  t i m e  o f  f l i g h t ,  i d e a l  v e l o c i t y  and o r b i t  p lane .  When 

an i n t e r p l a n e t a r y  miss ion  has  a t a r g e t  area s p e c i f i e d  by a 

h e l i o c e n t r i c  l a t i t u d e  on ly ,  then t h e  a b s o l u t e  minimum i d e a l  
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v e l o c i t y  f l i g h t  t o  t h e  given l a t i t u d e  i s  p o s s i b l e .  

a d d i t i o n ,  t he  t a r g e t  area i s  s p e c i f i e d  by h e l i o c e n t r i c  d i s t a n c e  

as w e l l  as l a t i t u d e ,  then  use can be made of  t h e  m i n i m u m  i d e a l  

v e l o c i t y  f l i g h t  t o  t h e  r equ i r ed  r a n d p ,  and t h e r e  w i l l  be no 

launch window c o n s t r a i n t s .  

I f  i n  

Figure 2 shows t h e  minimum i d e a l  v e l o c i t y  r e q u i r e d  t o  

r each  a given h e l i o c e n t r i c  d i s t a n c e  and l a t i t u d e  and a l s o  shows 

t h e  r e q u i r e d  t i m e  of f l i g h t .  

r e q u i r i n g  an a b s o l u t e ,  minimum i d e a l  v e l o c i t y  t o  a given l a t i -  

t ude ,  t h e  h e l i o c e n t r i c  d i s t a n c e  a t  i n t e r c e p t  w i l l  be less than 

1 AU, i . e . ,  i n s i d e  t h e  E a r t h ' s  o r b i t .  This same information i s  

provided i n  more g r a p h i c a l  form using t h e  a c c e s s i b l e  reg ions  

p l o t t i n g  technique of Figure 3 (Narin 1 9 6 4 ) .  

t h e  contours  show t h e  reg ions  i n  t h e  s o l a r  system which can be 

reached wi th  a given i d e a l  v e l o c i t y  wi th  no account  taken of 

l ong i tude .  

It can be seen t h a t ,  f o r  t h e  f l i g h t  

I n  t h i s  f i g u r e ,  

Figures  2 and 3 a r e  very u s e f u l  f o r  ga in ing  a f i r s t  

i d e a  of  t h e  f l i g h t  parameters but do not  provide s u f f i c i e n t  

in format ion  f o r  a mission s tudy.  

i n t e r m e d i a t e  s t e p  f o r  deducing the  f l i g h t  p a t h  da t a  wi thout  

having t o  compute d e t a i l e d  f l i g h t  parameters  f o r  each suggested 

miss ion  o r  t r a j e c t o r y .  This takes advantage of t h e  f a c t  t h a t  

when no s p e c i f i c  t a r g e t  body and t a r g e t  ephemeris i s  involved 

a fami ly  of miI i i i i lum ei iergy trajectories ran be drawn f o r  f l i g h t s  

t o  v a r i o u s  h e l i o c e n t r i c  d i s t ances  each a t  a given l a t i t u d e .  A 

ser ies  of  such f a m i l i e s  of t r a j e c t o r i e s  a r e  given i n  Appendix 1 

For tuna te ly  t h e r e  i s  an 
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f o r  t a r g e t  l a t i t u d e s  between 0" and 50". Examples are  shown 

i n  F igu res  4 and 5. 

F igu res  4 and 5 show minimum energy t r a j e c t o r i e s  t o  

l a t i t u d e s  of P =  20" each be ing  drawn as i t  would appear  i n  

the o r b i t  p lane .  It i s  important  t o  no te  t h a t  t h e  o r b i t  p lane  

w i l l  g e n e r a l l y  have an i n c l i n a t i o n  g r e a t e r  t h a n p  and t h e r e f o r e  

t h e  s p a c e c r a f t  w i l l  t r ave l  above t h e  r e q u i r e d  l a t i t u d e  f o r  

some p o r t i o n  o f  i t s  o r b i t .  This  i s  shown by t h e  f u l l - l i n e  

p a r t  o f  the t r a j e c t o r y .  The locus o f  i n t e r c e p t  p o i n t s  a t  

p = 20" i s  shown f o r  t h e s e  minimum energy t r a j e c t o r i e s  and hence 

o t h e r  t r a j e c t o r i e s  can  be e a s i l y  i n t e r p o l a t e d  between t h o s e  

shown. Time o f  f l i g h t  contours  have been inc luded  so  tha t  t h e  

r e l a t ive  p o s i t i o n s  of the E a r t h  and the s p a c e c r a f t  can be seen 

a long  the f l i g h t  pa ths .  

The famil ies  o f  t r a j e c t o r i e s  have f u r t h e r  u se  i n  t h e  

c o n s t r u c t i o n  o f  approximate m u l t i p l e  minimum energy f l i g h t  

pa ths .  F igure  6 shows, as a n  example, t h r e e  t r a j e c t o r i e s  i n  t h e  

e c l i p t i c  p l ane  which w i l l  p l a c e  three s p a c e c r a f t  i n  l i n e  w i t h  

t h e  Sun a f t e r  500 days from the f i r s t  launch. The h e l i o c e n t r i c  

d i s t a n c e s  are 3 AU, 4 AU and 5 AU r e s p e c t i v e l y .  

The use of  the gene ra l i zed  t r a j e c t o r i e s  enab le s  a good 

approximation t o  be ob ta ined  f o r  the t i m e  of f l i g h t ,  minimum 

i d e a l  v e l o c i t y ,  communications d i s t a n c e ,  t i m e  above t h e  d e s i r e d  

I z t i t u d e ,  heliocentric f l i g h t  angle  and the i n c l i n a t i o n  o f  t h e  

o r b i t  p lane .  It i s  on ly  a f t e r  t r a j e c t o r y  s e l e c t i o n  has been 
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accompl-shed on t h i s  b a s i s  t h a t  any d e t a i l e d  t r a j e c t o r y  para-  

meters need be s p e c i f i c a l l y  computed. 

5. MISSION CONSTRAINTS 

An i n t e r p l a n e t a r y  space mission a t  f i r s t  s i g h t  would 

seem t o  have v e r y  f e w  miss ion  c o n s t r a i n t s  and t h i s  may be 

p a r t i c u l a r l y  t r u e  o f  t h e  ear l ies t  miss ions .  For t h e s e  miss ions  

t h e  t r a j e c t o r y  may i f  necessary  be c o r r e c t e d  s h o r t l y  a f t e r  

launch and t h e r e a f t e r  t h e  s p a c e c r a f t  would s imply c o a s t  through 

space .  Despi te  t h i s  apparent  s i m p l i c i t y ,  a l l  o f  t h e  normal 

miss ion  c o n s t r a i n t s  have t o  be considered i n  t h e  s e l e c t i o n  o f  

t h e  t r a j e c t o r y  and i n  t h e  maintenance o f  t h e  s p a c e c r a f t  i n  an 

o p e r a t i o n a l  cond i t ion .  The mission boundaries  can be d iv ided  

i n t o  classes : 

1. 

2. 

3 .  

Func t iona l  Cons t r a in t s  

T r a j e c t o r y  s e l e c t i o n  
Launch window 
Midcourse guidance 
A t t i t u d e  c o n t r o l  
Communications and t e  l e m e  t r y  
Power Supply 
R e l i a b i l i t y  

Experimental  Cons t r a in t s  

S p a t i a l  r e s o l u t i o n  
Data c o r r e l a t i o n  

Environmental  Cons t r a in t s  

Meteoroid damage 
Rad ia t ion  damage 
Temperature 
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i 5 .1  Func t iona l  C o n s t r a i n t s  

The major c o n s t r a i n t  on the func t ion  of  i n t e r p l a n e t a r y  

miss ions  w i l l  be a s s o c i a t e d  wi th  the s e l e c t i o n  o f  t h e  tra- 

j e c t o r y .  For most miss ions  t h e r e  w i l l  be no launch window con- 

s t r a i n t  and no need f o r  midcourse guidance. 

t r o l  system can be made t o  ope ra t e  i n  a s e t  o f  r e f e r e n c e  axes 

commonly de f ined  f o r  a l l  missions i r r e s p e c t i v e  o f  the l a t i t u d e  

o r  d i s t a n c e  o f  the s p a c e c r a f t .  The communications system, the 

power supply and the a n t i c i p a t e d  r e l i a b i l i t y  f o r  t h e  missions 

w i l l  be  independent of  t h e  i n c l i n a t i o n  o f  t h e  o r b i t  p lane  but  

c r i t i c a l l y  dependent on t h e  d i s t a n c e  of the  s p a c e c r a f t ,  

5.1.1 T r a j e c t o r y  S e l e c t i o n  

The a t t i t u d e  con- 

The f i r s t  s e l e c t i o n  must be between e c l i p t i c  and 

n o n - e c l i p t i c  t r a j e c t o r i e s  and i f  n o n - e c l i p t i c  w i t h  what 

r e l a t i o n s h i p  between h e l i o c e n t r i c  d i s t a n c e ,  l a t i t u d e  and t i m e .  

The r e g i o n s  of  space t r a v e r s e d  by the s p a c e c r a f t  and t h e  dur- 

a t i o n  of t h e  s t a y  nea r  p a r t i c u l a r  l a t i t u d e s  o r  d i s t a n c e s  are 

s e l e c t e d  b a s i c a l l y  on t h e  grounds o f  s c i e n t i f i c  u t i l i t y  but  

must be complemented i n  terms of t h e  i d e a l  v e l o c i t y ,  t i m e  o f  

f l i g h t  and communications d i s t ance .  I n  p a r t i c u l a r  t h e  i d e a l  

v e l o c i t y  requirement  must be used w i t h  p r e s e n t  o r  p r e d i c t e d  

launch vehicle performance c h a r a c t e r i s t i c s  t o  determine t h e  pay- 

load  weight  which can be i n j e c t e d .  The t i m e  o f  f l i g h t  r e f l ec t s  

and t h e  communications mCl<nl  LLLuILILy G:: t h e  r e l i a b i l i t y  p r e d i c t i o n ,  

d i s t a n c e  on t h e  weight  o f  t h e  te lemet ry  system. The f a m i l i e s  

o f  minimum energy t r a j e c t o r i e s  g iven  i n  Appendix 1 are u s e f u l  
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i n  determining the b e s t  compromise between the demands o f  many 

experiments  and, being minimum energy, ensure  t h a t  t h e  maximum 

i n j e c t e d  payload w i l l  be p o s s i b l e  fo r  t h e  given miss ion .  The 

f i n a l  s t a g e  i n  s e l e c t i n g  t h e  t r a j e c t o r y  a r i s e s  because o f  t h e  

r e l a t i v e l y  f i x e d  weight  o f  the exper imenta l  payload,  

s e l e c t e d  t r a j e c t o r y  i s  a d j u s t e d  i n  l a t i t u d e  o r  d i s t a n c e  so  t h a t  

t h e  a p p r o p r i a t e  vehicle performance i s  f u l l y  u t i l i z e d  i n  i n -  

j e c t i n g  the s p a c e c r a f t .  I n  t h e  examples g iven  l a t e r  t h e  miss ion  

t o  13.5' l a t i t u d e  w a s  reduced f rom a 15" miss ion  t o  make it  

compatible  w i t h  t h e  s p e c i f i c  launch v e h i c l e .  

The 

5 1 .2  Launch Window 

I n t e r p l a n e t a r y  missions i n  g e n e r a l  have t a r g e t  

areas which are not  s p e c i f i e d  i n  h e l i o c e n t r i c  longi tude .  This  

does n o t  n e c e s s a r i l y  imply t h a t  the  s o l a r  system i s  symmetrical  

but t h a t ,  w i t h  t h e  p re sen t  l i m i t e d  knowledge, i t  i s  n o t  p o s s i b l e  

t o  p r e d i c t  the s p e c i a l  s i g n i f i c a n c e  of any i n t e r p l a n e t a r y  long i -  

tude  fa r  enough i n  advance of a mission.  I n  t h i s  e v e n t ,  t h e r e  

w i l l  be no launch window c o n s t r a i n t s  on i n t e r p l a n e t a r y  mis s ions ,  

and t h e  minimum energy t r a j e c t o r y  w i l l  always be p o s s i b l e .  This 

s i t u a t i o n  w i l l  c l e a r l y  be modified i f  p l a n e t a r y  miss ions  are 

combined w i t h  i n t e r p l a n e t a r y  ones,  and then t h e  launch window 

i s  determined by t h e  p l a n e t ' s  ephemeris. 

5.1.3 Midcourse Guidance 

The i n t e r a l a n e t a r y  miss ions  s t u d i e d  h e r e  are 

l a r g e l y  e x p l o r a t o r y  and are  aimed a t  d i f f e r e n t  r eg ions  of space  

t o  see i f  c o n t i n u i t y  o r  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  as f u n c t i o n s  
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of  l a t i t u d e  and d i s t a n c e .  Therefore  i t  i s  n o t  p o s s i b l e  t o  

select  a s p e c i f i c  t a r g e t  area and demand t h a t  t h e  s p a c e c r a f t  

must pas s  through i t .  This  l a t t e r  s i t u a t i o n  w i l l  however 

probably a r i se  as a r e s u l t  o f  t hese  i n i t i a l  e x p l o r a t o r y  miss ions .  

U n t i l  t h i s  t i m e ,  the s p a c e c r a f t  w i l l  r e q u i r e  c o r r e c t i o n  on ly  

f o r  the i n i t i a l  launch e r r o r s  and then  be al lowed t o  c o a s t  

through space wi thout  f u r t h e r  midcourse c o r r e c t i o n .  The 

maximum launch e r r o r  may be assumed t o  be 10 m/sec i n  each o f  

three or thogonal  r e f e r e n c e  d i r e c t i o n s  w i t h  each component 

s t a t i s t i c a l l y  uncor re l a t ed .  

about  1 7  m/sec may be r e q u i r e d ,  if i t  can be a p p l i e d  w i t h i n  a 

f e w  days a f te r  i n j e c t i o n .  

Thus a maximum c o r r e c t i o n  o f  on ly  

5.1.4 A t t i t u d e  Cont ro l  

It would seem t h a t  a l l  i n t e r p l a n e t a r y  miss ions  

i n  t h e  f o r e s e e a b l e  f u t u r e  w i l l  r e q u i r e  a t t i t u d e  c o n t r o l .  Those 

mis s ions  going t o  g r e a t e r  d i s t a n c e s  than  1 AU from the E a r t h  

w i l l  r e q u i r e  d i r e c t i o n a l  communications an tennas  which must be 

o r i e n t e d  towards the Earth. Those remaining c l o s e  t o  t h e  E a r t h  

may u s e  an omnid i r ec t iona l  antenna but  w i l l  a l s o  probably be 

powered from s o l a r  c e l l s  which must be o r i e n t e d  towards t h e  Sun. 

For a l l  miss ions  t h e  one p lane  which w i l l  remain h e l i o c e n t r i -  

c a l l y  f i x e d  w i l l  be t h e  o r b i t  p lane  which w i l l  c o n t a i n  both  the 

Sun and t h e  s p a c e c r a f t .  Thus a s u i t a b l e  s t a t i c  r e f e r e n c e  frame 

w i l l  have one a x i s  p o l i i t l i ~ g  towl7ards the Sun, one a x i s  perpen- 

d i c u l a r  t o  the o r b i t  p lane  and t h e  t h i r d  a x i s  mutual ly  o r tho -  
1 

I gona l  and i n  the p lane  o f  o r b i t .  This  r e f e r e n c e  frame w i l l  be 
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convenient  f o r  i n t e r p r e t i n g  t h e  d a t a  h e l i o c e n t r i c a l l y  and f o r  

a l i g  

does 

This  

i n s  t 

l ing s o l a r  pane l s  bu t  i t  should be remembered t h a t  the Ea r th  

no t  move i n  the o r b i t  p lane  except f o r  e c l i p t i c  miss ions .  

w i l l  mean that  t h e  antenna and c e r t a i n  o f  t h e  d i r e c t i o n a l  

:uments may have t o  be suppl ied  w i t h  i n d i v i d u a l  scanning 

d r i v e s  o r  movable c o l l i m a t o r s .  

5.1.5 Communications and Telemetry 

The communications equipment f o r  i n t e r p l a n e t a r y  

mis s ions  i s  governed most ly  by t h e  b i t  r a t e  and t h e  d i s t a n c e  

over  which t h e  informat ion  must be t r a n s m i t t e d .  F igu re  7 shows 

a graph of i d e a l i z e d  t r a n s m i t t e r  ou tput  power as a f u n c t i o n  o f  

communications d i s t a n c e  and informat ion  ra te .  

i d e a l i z e d  only  i n s o f a r  as -3 db has been al lowed f o r  performance 

l o s s e s .  A s ta te  of  the a r t  f i g u r e  i s  more l i k e  -10 db. The 

s p a c e c r a f t  t r a n s m i t t i n g  antenna i s  assumed t o  be a 3 f t .  d iameter  

(25 db) d i s h  and t h e  r e c e i v i n g  antenna e i t h e r  the 210 f t .  DSIF 

d i s h e s  o r  more probably t h e  85 f t .  d i s h e s .  The r a w  power supp l i ed  

t o  the t r a n s m i t t e r  may be up t o  10 times the t r a n s m i t t e d  power. 

The graph i s  

The communications d i s t a n c e  o r l y  i n c r e a s e s  

s l i g h t l y  as t h e  i n c l i n a t i o n  of the  s p a c e c r a f t  o r b i t  i s  inc reased  

and it  i s  n o t  unreasonable  t o  ignore  h e l i o c e n t r i c  l a t i t u d e  e f f ec t s  

i n  t h e  f i r s t  e s t i m a t i o n  o f  t h e  t r a n s m i t t e r  requi rements .  

For t r ansmiss ion  over  l a r g e  communications d i s -  

t a n c e s  the p e n a l t y  i s  pa id  i r i  t he  weight and power demand o f  

the t r a n s m i t t e r  and the weight of t h e  antenna.  I f  it i s  assumed 

f o r  i n t e r p l a n e t a r y  miss ions  that  the amount of  exper imenta l  d a t a  
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acqu i red  i s  about  t h e  same from day t o  day, and t h i s  w i l l  

probably be t r u e ,  then  t h e  t r ansmiss ion  informat ion  ra te  i s  

e s s e n t i a l l y  f i x e d  and minimized i f  t r a n s m i t t e d  a t  a s t e a d y  

ra te  over  each 24 hours .  

receive t h e  d a t a  on Ea r th  f o r  a f u l l  24 hours  each day because 

o f  the commitment t o  t h e  r e c e i v i n g  s t a t i o n s .  Two a l t e r n a t i v e s  

are p o s s i b l e .  Either t h e  d a t a  can be s t o r e d  on board and 

t r a n s m i t t e d  a t  a f a i r l y  h i g h  ra te  over  a pe r iod  o f  s ay  one 

hour each day, o r  t h e  d a t a  can be t r a n s m i t t e d  con t inuous ly  and 

economically b u t  on ly  be sampled on E a r t h  f o r ,  s ay ,  an hour  

every 4 hours .  

However i t  may no t  be d e s i r a b l e  t o  

This l a s t  a l t e r n a t i v e  has  advantages i n  t h a t  i t  

permi ts  large i r r e g u l a r  zones i n  space t o  be d e t e c t e d  and i t  

minimizes the t r ansmiss ion  and d a t a  s t o r a g e  on the s p a c e c r a f t .  

The on ly  d a t a  which cannot be r e l ayed  i n  approximately rea l  

t i m e  are from the s h o r t  t i m e  response plasma probe and magne- 

tometer .  These w i l l  r e q u i r e  a s t o r a g e  c a p a c i t y  o f  about 
4 5 x 10 b i t s .  

The computing and sequencing equipment on board 

w i l l  a l s o  be minimal and w i l l  be l a r g e l y  t h e  same f o r  a l l  i n t e r -  

p l a n e t a r y  mis s ions .  The d a t a  t o  be t r a n s m i t t e d  should on ly  be 

cond i t ioned  be fo re  i t  i s  s e n t  and the d a t a  r e d u c t i o n  should  

take p l a c e  on Ea r th .  This i s  p a r t i c u l a r l y  p e r t i n e n t  if on ly  

25 p e r c e n t  of  the d a t a  i s  t o  be received azyhow. 
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5.1.6 Power Supply 

The type  of power supply w i l l  be determined 

mainly by t h e  t r a n s m i t t e r  requirements  which w i l l  be a func t ion  

o f  t h e  h e l i o c e n t r i c  d i s t a n c e  t o  be a t t a i n e d  by t h e  s p a c e c r a f t ,  

and on ly  s e c o n d a r i l y  by t h e  exper imenta l  payload which w i l l  n o t  

va ry  much from mission t o  mission.  

Thus fo r  miss ions  on which the s p a c e c r a f t  remains 

w i t h i n  say  2 AU from t h e  Sun and t h e  Earth, a s o l a r  c e l l  power 

supply  w i l l  be a d e q i a t e  i r r e s p e c t i v e  o f  t h e  i n c l i n a t i o n  o f  t h e  

o r b i t .  A c u r r e n t l y  a t t a i n a b l e  weight o f  0.75 l b s / w a t t  i s  

assumed f o r  s o l a r  pane ls .  For missions t o  l a r g e r  d i s t a n c e s ,  a 

r a d i o a c t i v e  source  w i l l  probably be r e q u i r e d  and which would 

be i s o t o p i c  f o r  power levels up t o  s a y  250 w a t t s  ( e l e c t r i c a l )  

and a SNAP type  r e a c t o r  system fo r  l a r g e r  demands. S p e c i f i c  

weights  o f  about 1 l b / w a t t  are assumed f o r  r a d i o a c t i v e  power 

s u p p l i e s  e x c l u s i v e  o f  r a d i a t i o n  s h i e l d i n g .  The s h i e l d i n g  should 

be such t h a t  i t  no t  on ly  p r o t e c t s  the s p a c e c r a f t  from r a d i a t i o n  

damage bu t  a l s o  p reven t s  the r a d i a t i o n  from a f f e c t i n g  t h e  

i n t e r p l a n e t a r y  p a r t i c l e s  and f i e l d s  i n  t h e  v i c i n i t y  of  t h e  space- 

c r a f t .  

5.1.7 R e l i a b i l i t y  

The a n t i c i p a t e d  r e l i a b i l i t y  o f  a miss ion  can be 

reduced t o  an e s t i m a t i o n  of  how long the s p a c e c r a f t  may be 

assumed t o  be o p e r a t i o n a i .  I n  fact, one r ea l ly  r e q u i r e s  a h i g h  

p r o b a b i l i t y  tha t  a l l  t h e  experiments and equipment w i l l  be 

s t i l l  f u n c t i o n i n g  i n  t h e  t a r g e t  r eg ion .  Although s p e c i f i c  
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hazards  e x i s t  a t  p a r t i c u l a r  p a r t s  of t h e  miss ion ,  i o e e ,  h igh  

a c c e l e r a t i o n  a t  launch o r  h i g h  r a d i a t i o n  l e v e l s  pas s ing  

through the Van Al len  b e l t s ,  the major c r i t e r i o n  i s  the f l i g h t  

t i m e  t o  t h e  t a r g e t  area. 

of t h e  b a s i c  f l i g h t  parameters  cons idered  i n  s e l e c t i n g  the 

t r a j e c t o r y  and i t  can be seen  that i t  i s  n o t  i n f luenced  much 

by t h e  l a t i t u d e  o f  the t a r g e t  a r e a  (Appendix 1). A s  a f i r s t  

approximation, r e l i a b i l i t y  can be cons idered  as independent o f  

the i n c l i n a t i o n  o f  the f l i g h t  plane.  Nevertheless i t  i s  

d i f f i c u l t  t o  p r e d i c t  f u t u r e  r e l i a b i l i t y  c o e f f i c i e n t s  which 

are  meaningful and account f o r  advances and s o p h i s t i c a t i o n s  i n  

measurements and system techniques.  A s  a poor b e s t ,  approxi-  

mate f i g u r e s  f o r  s ta te  o f  t h e  a r t  system l i fe t imes  are used 

i n s o f a r  as a u s e f u l  l i f e  o f  n i n e  months i s  assumed p r a c t i c a l  

now, e i g h t e e n  months i n  t h e  l a t t e r  p a r t  of  the decade and 

g r e a t e r  than two yea r s  beyond 1970. 

5.2 Experimental  C o n s t r a i n t s  

The time of  f l i g h t  i s  n a t u r a l l y  one 

One of  t h e  experimental  problems i n  i n v e s t i g a t i n g  the 

i n t e r p l a n e t a r y  medium i s  t o  determine how t y p i c a l  are t h e  

measurements when only sample da t a  are taken a t  consecu t ive  

t i m e s  and a t  consecut ive  p o i n t s  i n  space by a s i n g l e  s p a c e c r a f t .  

This  i s  p a r t i c u l a r l y  p e r t i n e n t  when t h e  parameters  being 

measured e x h i b i t  cons ide rab le  f l u c t u a t i o n s  as has been found 

f o r  e c l i p t i c  i n t e r p i a n e i a r y  measurements of  the s o l a r  wind 

and magnetic f i e l d .  
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Three b a s i c  p o s s i b i l i t i e s  e x i s t :  a) t h e  i r r e g u l a r i t i e s  

are e s s e n t i a l l y  s t a t i o n a r y ,  b) they a r e  being propagated through 

space and r e f l e c t  t h e  cond i t ions  a t  t h e i r  sou rce ,  c )  there i s  

a b a s i c  s t e a d y  s t a t e  c o n f i g u r a t i o n  w i t h  superimposed f l u c t u a t i o n s .  

It may be d i f f i c u l t  t o  r e s o l v e  between these t h r e e  c o n d i t i o n s .  

The problem i s  r e a l l y  one of r e s o l v i n g  between say  a l a r g e  scale 

r eg ion  o f  t u rbu lence  moving w i t h  a h i g h  v e l o c i t y  and a s m a l l  

l o c a l  t u rbu lence ,  which i s  almost  s t a t i o n a r y  i n  space.  With 

Earth o r b i t a l  miss ions ,  t h i s  problem i s  r e so lved  by r epea ted  

passes  o f  the s a m e  zone which al lows r e c o g n i t i o n  of  moving and 

s t a t i o n a r y  phenomena. 

a s i n g l e  pass  i s  a n t i c i p a t e d  t h i s  s o l u t i o n  i s  no t  p o s s i b l e .  

However one answer l i es  i n  t h e  use of  two o r  more s p a c e c r a f t  

s e p a r a t e d  i n  space t o  observe s t a t i o n a r y  and moving f r o n t s  through 

t i m e  c o r r e l a t i o n .  

For i n t e r p l a n e t a r y  miss ions  where on ly  

It has become obvious t h a t  there are i n t e r r e l a t i o n s h i p s  

and dependencies between the p a r t i c l e s  and f i e l d s  i n  i n t e r -  

p l a n e t a r y  space .  The most obvious ones are between t h e  s o l a r  

wind and the magnetic f i e l d  and between s o l a r  f l a r e  emissions 

and t h e  g a l a c t i c  cosmic r a y  f lux .  A c e r t a i n  mission r e s t r a i n t  

i s  that  n o t  on ly  should these parameters  be measured bu t  that  

t h e  d a t a  should be ob ta ined  i n  such a way t h a t  c o r r e l a t i o n  w i l l  

be p o s s i b l e .  I n  f a c t  i t  i s  conceivable  t h a t  r e l a t i v e l y  s m a l l  

samples o f  d a t a  which are c o r r e l a t a b l e  would be fa r  mere 

i n d i c a t i v e  than  cont inuous but  i n s u l a r  d a t a .  
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5.3 Environmental C o n s t r a i n t s  

The hazerds  of  t h e  space  environment t o  s p a c e c r a f t ,  and 

t h e  weight  and complexity of the s h i e l d i n g  r e q u i r e d  t o  minimize 

t h e s e  hazards  are both p o s i t i o n  and f l i g h t  t i m e  dependent. 

Therefore  the environmental  c o n s t r a i n t s  must be cons ide red  i n  the 

l i g h t  of  t h e  s e l e c t e d  t r a j e c t o r y .  

s h i e l d s  i s  p r e s e n t l y  based on e x t r a p o l a t e d  e m p i r i c a l  d a t a .  How- 

ever from t h e  a n t i c i p a t e d  f l u x  of p a r t i c l e s  i n  i n t e r p l a n e t a r y  

space  i t  i s  no t  expec ted  t h a t  damage w i l l  be a major c r i t e r i o n  

except  i n  the a s t e r o i d  b e l t  o r  poss ib ly  while  c r o s s i n g  comet 

o r b i t s .  

months t o  a y e a r ,  the ques t ion  of meteoroid s h i e l d i n g  could  

probably be s e t t l e d  a r b i t r a r i l y  i n  terms o f  t h e  p r o b a b i l i t y  of  

c o l l i s i o n ,  the v a l u e  o f  one p a r t i c u l a r  s p a c e c r a f t  performing 

f o r  a long pe r iod  compared t o  the  t o t a l  number t o  be launched, 

and t h e  importance o f  d a t a  ob ta ined  l a t e  i n  a t r a j e c t o r y  as 

opposed t o  t h e  e a r l i e r  p a r t s .  

The des ign  o f  meteoroid 

For i n t e r p l a n e t a r y  f l i g h t s  o f  a d u r a t i o n  from s i x  

A similar s i t u a t i o n  e x i s t s  r ega rd ing  r a d i a t i o n  damage 

from both  i n t e r n a l  and e x t e r n a l  sources .  E x t e r n a l  sources  are 

p r i n c i p a l l y  t h e  solar wind, cosmic r a y s  and perhaps t o  a s m a l l  

e x t e n t  t h e  e l ec t romagne t i c  r a d i a t i o n  from t h e  Sun. I n t e r n a l  

sou rces  are i s o t o p i c  o r  n u c l e a r  r e a c t o r  power sou rces  and i n  

g e n e r a l  these must be s h i e l d e d  due t o  the i r  proximi ty  t o  t h e  

s p a c e c r a f t .  However shadzlw s h i e l d i ~ g  i s  a. u s e f u l  weight  saver 

f o r  i n t e r n a l  r a d i a t i o n  s h i e l d i n g  i n  t h a t  on ly  l i n e  o f  s i g h t  
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r a d i a t i o n  t o  t h e  s u s c e p t i b l e  a reas  of t h e  s p a c e c r a f t  i s  s h i e l d e d  

a g a i n s t  . 
The b lack  body temperature i n  i n t e r p l a n e t a r y  space  i s  

a func t ion  of h e l i o c e n t r i c  d i s t ance .  I n  p r a c t i c e  t h i s  i s  no t  

a major concern s i n c e  most o f  t he  s p a c e c r a f t  can be made t o  

o p e r a t e  over  q u i t e  wide temperature  l i m i t s .  The i n d i v i d u a l  

except ions  t o  t h i s  can be i s o l a t e d  and opera ted  i n  a r e l a t i v e l y  

s m a l l  temperature  c o n t r o l l e d  environment e i ther  through se lec t ive  

thermal  s h i e l d i n g  o r  through e l e c t r i c a l  ovens.  

6.  MISSION OUTLINES 

I n t e r p l a n e t a r y  miss ions  must n e t u r a l l y  t a k e  t h e i r  p l a c e  

They have been cons ide red  a l o n g s i d e  a l l  solar system miss ions .  

as a s e p a r a t e  series h e r e  because o f  t h e  s p e c i a l  advantages 

o f f e r e d  by freedom from launch window r e s t r a i n t s ,  by minimal 

guidance and c o n t r o l  demands, by t h e  b a s i c  s i m i l a r i t y  i n  t h e  

payloads and s p a c e c r a f t  and i n  some cases by t h e i r  f e a s i b i l i t y  

i n  the nea r  f u t u r e .  These reasons however only  suppor t  t h e  

s c i e n t i f i c  importance o f  understanding the n a t u r e  of  and t h e  

i n t e r r e l a t i o n s h i p s  between p a r t i c l e s  and f i e l d s  i n  space and 

how they  then  i n f l u e n c e  the environments o f  a l l  bodies  i n  the 

s o l a r  system. The l i m i t e d  knowledge of i n t e r p l a n e t a r y  space 

means tha t  the miss ions  must be cons ide red  as e x p l o r a t o r y  and 

has made it necessa ry  t o  cons ider  n o n - e c l i p t i c  mis s ions  as 

well 2s ecliptic ones, The h e l i o c e n t r i c  l a t i t u d e  and d i s t a n c e  

(and perhaps the long i tude )  of each measurement may have an 

impor tan t  bea r ing  on the i n t e r p r e t a t i o n  of  t h e  d a t a .  It must be 
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s t a t e d  that  a l though a series o f  exp lo ra to ry  mis s ions  have been 

de r ived  here an e s s e n t i a l  i ng red ien t  o f  an i n t e r p l a n e t a r y  pro- 

gram m u s t  be t h e  r e c o g n i t i o n  of new and unexpected c o n f i g u r a t i o n s  

i n  space which may war ran t  f u r t h e r  d e t a i l e d  s tudy  and perhaps 

s p e c i f i c  miss ions .  

The r eg ion  o f  space s t u d i e d  i n  most d e t a i l  i s  bounded 

by l a t i t u d e s  o f  + - 50" and l i es  between r a d i i  o f  0.5 and 5 AU. 

Within these l i m i t a t i o n s  fou r  mission p r o f i l e s  have been 

developed as worthy of  f u l f i l l m e n t .  

means e x c l u s i v e ,  and may even be cons idered  more as samples. 

For i n s t a n c e ,  i t  may be p o s s i b l e  t o  suppor t  a p u r e l y  i n t e r -  

p l a n e t a r y  miss ion  w i t h  a n ,  as y e t ,  u n s p e c i f i e d  Earth o r b i t a l  

miss ion  t o  provide  two measuring p o i n t s  i n  space.  S i m i l a r l y  an 

i n t e r p l a n e t a r y  miss ion  may provide u s e f u l  suppor t  t o  f u t u r e  

p l a n e t a r y  i n v e s t i g a t i o n s  by s imultaneously moni tor ing  space 

beyond the p l a n e t  ' s environment. 

been desc r ibed  bu t  could  be q u i t e  qu ick ly  deduced from t h e  

t r a j e c t o r i e s  p re sen ted  i n  the appendix. 

However they  are by no 

Such combinations have n o t  

The miss ions  o u t l i n e d  f a l l  i n t o  f o u r  broad c a t e g o r i e s :  

1) minimum energy e c l i p t i c ,  2)  minimum energy t o  a g iven  

l a t i t u d e ,  3 )  minimum energy t o  a s p e c i f i c  l a t i t u d e  and d i s t a n c e ,  

and 4 )  m u l t i p l e  miss ions .  They are summarized i n  Table  4 .  

The launch v e h i c l e s  requi red  f o r  most of the miss ions  

I, uaVc 0.1- t o  be  

The seven b a s i c  launch v e h i c l e s  w i t h  t h e i r  approximate per-  

f a i r l y  acl1.7211ceci i n  view of  the h igh  i d e a l  v e l o c i t i e s .  

formances are s p e c i f i e d  i n  t h e  mission p r o f i l e s .  These are: 
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1 Thor-Agena D = 600 l b s .  t o  100 N e  m i l e  o r b i t .  
2 Atlas-Agena = 700 l b s .  t o  escape 
3 Floxed Atlas-Agena = 1300 l b s .  t o  escape  
4 Atlas-Centaur  = 2100 l b s .  t o  escape 
5 Floxed Atlas-Centaur = 2900 l b s .  t o  escape 
6 T i t a n  I I I - C  = 5400 l b s .  t o  escape 
7 Sa tu rn  1B-Centaur = 13,000 l b s .  t o  escape.  

LE = k i c k  s t a g e  w i t h  Isp = 300 secs 
HE = k i c k  s t a g e  w i t h  Isp = 455 secs. 

I n  most cases one of  t h e  fol lowing k i c k  s t a g e s  i s  r e q u i r e d  

It i s  assumed that the b a s i c  l a u n c h  v e h i c l e  p l a c e s  t h e  space- 

c r a f t  and a d d i t i o n a l  s t a g e s  i n t o  a 300 N. m i l e  park ing  o r b i t .  

The Sa tu rn  V launch v e h i c l e  has  not  been thought  a p p l i c a b l e  f o r  

s m a l l  pay loads ,  s i n c e  three o r  more a d d i t i o n a l  s t a g e s  would 

be nee.ded t o  make f u l l  use  of i t s  p o t e n t i a l .  A p o s s i b l e  a l te r -  

n a t i v e  t o  a mul t i - s t aged  Sa tu rn  V i s  provided by a semi-contin- 

uous low t h r u s t  s t a g e  launched w i t h  a Sa tu rn  1 B  launch vehicle 

(JPL, 1963). This  t ype  of  system appears  t o  o f f e r  c o n s i d e r a b l e  

advantages f o r  l a r g e  d e v i a t i o n s  from t h e  e c l i p t i c  p lane .  

However s i n c e  t h e  a v a i l a b i l i t y  of low t h r u s t  s t a g e s  i s  n o t  w e l l  

enough known a t  p r e s e n t ,  a mission based on t h e i r  u se  has no t  

been inc luded .  

A payload breakdown i s  inc luded  f o r  each of t h e  miss ions  

desc r ibed .  The same b a s i c  experimental  package i s  inc luded  f o r  

each b u t  the power and t r a n s m i t t e r  demands are s p e c i f i c  f o r  

each miss ion .  Three payload weights  are p resen ted .  The f i r s t  

r e p r e s e n t s  the payload weight i n  t h e  t a r g e t  a r e a  a f t e r  t h e  

launch  c o r r e c t i o n  and a t t i t u d e  c o n t r o l  p r o p e l l a n t s  have been 

used up. The second i s  t h e  weight a t  t h e  s t a r t  of t h e  trajectory 

b u t  a f t e r  i n j e c t i o n  and a f t e r  the  i n j e c t i o n  s t a g e  and i t s  
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adap te r  have been j e t t i s o n e d .  

weight  of t h e  s p a c e c r a f t  i s  given and inc ludes  weight allowance 

f o r  t h e  s p a c e c r a f t  shroud and the i n j e c t i o n  s t a g e  adap te r .  

The allowance takes  i n t o  account t h e  f a c t  t h a t  the shroud i s  

r e l e a s e d  before  i n j e c t i o n  and t h e r e f o r e  only  a c t s  as payload 

f o r  p a r t  of t h e  t o t a l  launch v e h i c l e  t h r u s t  t ime. 

weight  allowance i s  given for  each mission.  

weight i s  t h e  one which has  been used w i t h  t h e  launch v e h i c l e  

performance curves t o  g ive  the  launch vehicle-payload combin- 

a t i o n s  l i s t e d .  

F i n a l l y  the  t o t a l  e f f e c t i v e  

The e f f e c t i v e  

The t o t a l  e f f e c t i v e  
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6 . 1  Minimum Energy E c l i p t i c  Missions 
I 

Many miss ions  have s u c c e s s f u l l y  c o l l e c t e d  i n t e r p l a n e t a r y  

d a t a  from space nea r  t h e  E a r t h ' s  o r b i t .  These i n c l u d e  t h e  

Explorer  ser ies  o f  E a r t h  o r b i t a l  missions and p a r t i c u l a r l y  

IMP 1. Valuable d a t a  has  a l s o  been obta ined  from Pioneer  

f l i g h t s  and the Mariner Venus mission.  These ser ies  are being 

a c t i v e l y  cont inued  w i t h  the impending IMP, Advanced Pioneer  and 

Mariner Mars miss ions .  Therefore  the f i r s t  e c l i p t i c  mission 

o u t l i n e d  h e r e  marks a new phase of i n t e r p l a n e t a r y  e x p l o r a t i o n  

i n  the e c l i p t i c  p lane .  It i s  a mission t o  the r e g i o n  o f  

J u p i t e r ' s  o r b i t  (5 .2  AU) and wi th  a f l i g h t  t i m e  r e s t r i c t e d  t o  

500 days.  The launch can be phased i n  w i t h  an approach t o  

J u p i t e r  bu t  wi thout  i n t roduc ing  launch window c o n s t r a i n t s .  It 

may be p o s s i b l e  t o  pas s  w i t h i n  0.25 AU of  t h e  p l a n e t  and s t i l l  

t o  d e t e c t  the supposedly ve ry  l a r g e  magnetic f i e l d ,  i f  t h e  

s p a c e c r a f t  i s  i n  the magnetospheric t a i l ,  and t o  monitor t h e  

r a d i o  emission from the p l a n e t  and i t s  environment. F igure  8 

I shows the t r a j e c t o r y  f o r  t h i s  mission.  The p o s i t i o n  o f  t h e  

Earth has been marked t o  correspond w i t h  the f l i g h t  t i m e  mark- 

i n g s  on the t r a j e c t o r y ,  and the approximate r e l a t i v e  p o s i t i o n  

a t  launch ,  o f  J u p i t e r  has  been marked. A t  about  300 days 

a f te r  launch the s p a c e c r a f t  w i l l  be approximately i n  oppos i t i on  

w i t h  the Earth and communications w i l l  be d i f f i c u l t  f o r  about  

a month. Table  5 shows the breakdown o f  360 l b .  payload and 

the mis s ion  p r o f i l e  u s ing  an  Atlas Agena launch vehicle and 
I 
l a h i g 3  energy a d d i t i o n a l  s t a g e  (Isp = 4 5 5 ) .  

~ 
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Addi t iona l  e c l i p t i c  missions w i l l  be r e q u i r e d  i n  t h e  

long range e x p l o r a t i o n  o f  the so la r  system inc lud ing  miss ions  

t o  s p e c i f i c  r eg ions  o f  i n t e r e s t  which w i l l  probably be 

r evea led  by t h i s  5 AU probe and t o  as f a r  ou t  as t h e  boundary 

of t h e  s o l a r  system. 

i d e a l  v e l o c i t i e s  up t o  and beyond 100,000 f t / sec  f o r  reasonable  

f l i g h t  t i m e s  and have n o t  been d e t a i l e d  here. 

The la t te r  miss ions  may r equ i r e  h igh  
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Table 5 

INTERPLANETARY ECLIPTIC MISSION TO 5 .2  AU 
(500 day limit) 

Trajectory Parameters 

Ideal Velocity AV = 55 ,000  ft/sec Inclination i = 0" 
Time of flight TF = 500 days 
Flight Angle HCA = 140" RCmax = 4 . 5  AU 

Communication distance 

Communication distance 
RCin t ercept = 4 AU 

(Launch may be phased with Jupiter to miss by less than 0.25 AU.) 

Payload 

Experimental payload (+ radiometer) 
Transmitter ( 5  watts 2 1  bits/sec 210 '  DSIF) 
Antenna ( 2 5  db 3 '  dia) 
Data encoder, storage etc. 
Power supply (100 watts isotope) 
Batteries 
Launch correction (less propellant) 
Attitude control (less propellant) 
Structure and shielding 

Launch correction propellant 
A;_t itude contro 1 propellant 

Spacecraft weight at start of trajectory 
Effective weight of shroud and adapter 

Spacecraft weight at target area 

Total effective weight of payload 

Launch Vehicle-Payload Combinations 

Atlas-Agena + HE>\ = 350 lbs. 
Floxed Atlas-Agena + HE = 470 ibs. 
Floxed Atlas-Centaur + LE;\ = 320 lbs. 

55 
10 

5 
10 

100 
10 

6 
10 
50  

256 
4 

4 0  
300 

6 0  

- 

- 
- 

% -0 
360 +5 

Atlas-Centaur + HE = 620  lbs. 
'k HE = kick stage Is, = 455 secs, LE = kick stage Isp = 300 secs. 

I I T  R E S E A R C H  I N S T I T U T E  

50 



6 , 2  Minimum Energy Missions t o  a Given L a t i t u d e  
I 

A t  p r e s e n t ,  no missions have been performed a t  more 

The major t han  nominal d e v i a t i o n s  from t h e  e c l i p t i c  p l ane .  

r eason  f o r  t h i s  can be r e a d i l y  seen from F igure  2 i n  t h a t  the 

r e q u i r e d  i d e a l  v e l o c i t y  i n c r e a s e s  r a p i d l y  as the h e l i o c e n t r i c  

l a t i t u d e  o f  the t a r g e t  i n c r e a s e s .  

p l aced  on t h e  t r a j e c t o r y  i s  t h a t  t h e  s p a c e c r a f t  sha l l  reach a 

g iven  l a t i t u d e  then  use  can be made o f  the a b s o l u t e ,  minimum 

i d e a l  v e l o c i t y  t r a j e c t o r y  t o  that  l a t i t u d e .  From F igure  2 i t  

can be seen t h a t  the i n t e r c e p t  po in t  w i l l  always be less  than  

1 AU from t h e  Sun and t h e  f l i g h t  t i m e s  w i l l  be s h o r t ,  i n  t h e  

r eg ion  o f  80 t o  90 days.  

l a t i t u d e  f o r  v e r y  s h o r t  p e r i o d s  a f t e r  which the s p a c e c r a f t  

r e t u r n s  t o  and below t h e  e c l i p t i c  p l ane .  However i t  i s  p o s s i b l e  

tha t  these missions can survive two o r  three consecu t ive  h a l f  

o r b i t s  around the Sun and c o l l e c t  in format ion  e q u a l l y  from above 

and below t h e  e c l i p t i c  p lane .  

However i f  t h e  on ly  r e s t r i c t i o n  

These f l i g h t s  w i l l  remain a t  the g iven  

6.2.1 Minimum Energy T r a j e c t o r y  t o  13.5' 

F igure  9 shows a t y p i c a l  minimum energy t r a j e c t o r y  

t o  = 13.5' which has been u s e d  t o  d e r i v e  the 13.5' miss ion  

p r o f i l e  of  Table  6.  There w i l l  be v e r y  l i t t l e  problem w i t h  

communications s i n c e  t h e  Ea r th - spacec ra f t  s e p a r a t i o n  i s  less than  

0.25 AU a t  i n t e r c e p t .  

ahead of t h e  Earth w i t h  an o r b i t a l  p e r i o d  of  about  320 days - 
t h i s  s e p a r a t i o n  be ing  j u s t  s u f f i c i e n t  t o  : e e p  t h e  s p a c e c r a f t  o u t  

I n  f a c t  the s p a c e c r a f t  w i l l  t r ave l  s l i g h t l y  
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Table 6 

INTERPLANETARY MINIMUM ENERGY M I S S I O N  TO 13.5' LATITUDE 
( r  = 0.9 AU) 

T r a j e c t o r y  Parameters 

I d e a l  Veloc i ty  AV = 47,000 f t / s e c  

Time of f l i g h t  TF = 88 days Communications d i s t a n c e  
F l i g h t  angle  HCA = 90" R C i n t e r c  e p  t = 0.25 AU 

Payload 

I n c l i n a t i o n  i = 13.5' 

Experimental  payload (+ s o l a r  radiometer)  55 l b s .  
Transmi t te r  ( 2  w a t t s  2 1  b i t s / s e c  85 '  DSIF) 5 
Antenna (17 db 1 .5 '  d i a )  3 
Data encoder s t o r a g e  e t c .  
Power supply (50 w a t t s  s o l a r  c e l l )  
Batteries 
Launch c o r r e c t i o n  ( l e s s  p r o p e l l a n t )  
A t t i t u d e  c o n t r o l  (less p r o p e l l a n t )  
S t r u c t u r e  and s h i e l d i n g  

Launch c o r r e c t i o n  p r o p e l l a n t  
A t t i t u d e  c o n t r o l  p r o p e l l a n t  

Spacecraf t  weight a t  s t a r t  of t r a j e c t o r y  
E f f e c t i v e  weight of shroud and adap te r  

Spacecraf t  weight a t  t a r g e t  a r e a  

T o t a l  e f f e c t i v e  weight of payload 

Launch Vehicle-Payload Combinations 

Thor-Agena D + HE* 
Atlas-Agena + LE* 
Floxed Atlas-Centaur  
T i t a n  I I I - C  

= 300 l b s .  
= 450 l b s .  
= 250 l b s .  
= 300 l b s .  

10 
40 
10 
7 
5 

40 
175 

3 
10 

188 
50 

- 

- 

- 

~- 

* HE = k ick  s t a g e  Isp = 455 secs,  LE = k i c k  s tage I = 'nn c.nnc. 

SP Juu 3 G L a *  
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of  the Earth-Sun l i n e  when i t  r ec rosses  t h e  e c l i p t i c  plane.  

The communications d i s t a n c e  w i l l  then be 0.4 AU. 
I 

6.2 .2  Minimum Energy Tra.jectory t o  22" 

A second mission p r o f i l e  i s  included i n  Table  7 

f o r  a minimum energy t r a j e c t o r y  t o  a l a t i t u d e  = 22" out  of 

t h e  e c l i p t i c  (Figure 10). Again t h e  f l i g h t  t i m e  w i l l  be s h o r t  

(" 90 days) and d a t a  should b e  a v a i l a b l e  from a t  l e a s t  one 

complete o r b i t  of t h e  s p a c e c r a f t  around t h e  Sun (pe r iod  of 

o r b i t d 3 1 0  days).  The communications d i s t a n c e  w i l l  be less 

than  0.5 AU a t  t h e  f i r s t  i n t e r c e p t  w i t h  a l a t i t u d e  of  22" and 

aga in  t h e  s p a c e c r a f t  w i l l  j u s t  l ead  t h e  Ea r th  when it  c r o s s e s  

t h e  e c l i p t i c  plane.  
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Table 7 

INTERPLANETARY MINIMUM ENERGY MISSION TO 22" LATITUDE 

( r  = 0.85 AU) 

Tra.1 e c t o r y  Parameters 

I d e a l  v e l o c i t y  AV = 56,000 f t / s e c  I n c l i n a t i o n  i = 22.01" 
T i m e  o f  f l i g h t  TF = 87 days 
F l i g h t  ang le  HCA = 90" RC i n  t erc ep t = 0.5 AU 

Payload 

Experimental  payload (+ s o l a r  radiometer)  55 l b s .  
T ransmi t t e r  (4 w a t t s  2 1  b i t s / s e c  85'DSIF) 8 

Communications d i s t a n c e  

Antenna (17  db 1.5' d i a )  3 
Data encoder,  s t o r a g e  e t c .  
Power supply (75 watts s o l a r  c e l l )  
Batteries 
Launch c o r r e c t i o n  ( l e s s  p r o p e l l a n t )  
A t t i t u d e  c o n t r o l  ( less p r o p e l l a n t )  
S t r u c t u r e  and s h i e l d i n g  

Launch c o r r e c t i o n  p r o p e l l a n t  
A t t i t u d e  c o n t r o l  p r o p e l l a n t  

Weight a t  t a r g e t  a r e a  

10 
50 
10 
7 
5 

45 
193 
3 

10 

- 

- 
Weight a t  s t a r t  of t r a j e c t o r y  

T o t a l  e f f e c t i v e  weight of payload 

206 
50 - Effect ive weight of  shroud and adap te r  

% -0  
260 +5 

Launch Vehic le-Payload Combinations 

Atlas-Agena + HE* = 270 l b s .  
Atlas-Centaur + LE* = 200 l b s .  
Floxed Atlas-Centaur + LE = 280 l b s .  

~~~~ 

I * HE = k i c k  s t a g e  Icp = 455 secs ,  LE = k i c k  s t a g e  Isp = 300 secs. 
U A  

I 
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6 . 3  Minimum Energy Missions t o  a S p e c i f i e d  La t i tude  
and Distance 

It can be seen from Figure 2 t h a t  t h e  r equ i r ed  i d e a l  

v e l o c i t y  inc reases  q u i t e  r a p i d l y  i f  t h e  h e l i o c e n t r i c  d i s t a n c e  

a t  i n t e r c e p t  i n c r e a s e s  o r  decreases  from t h e  optimum value .  

Thus i n  spec i fy ing  a t a r g e t  d i s t ance  as w e l l  a s  l a t i t u d e  t h e  

pena l ty  i s  pa id  i n  i d e a l  v e l o c i t y .  

of a t r a j e c t o r y  f o r  a f l i g h t  t o  3 AU and f3 = 15' and Table 8 

g ives  t h e  mission p r o f i l e .  The t i m e  o f  f l i g h t  w i l l  be about 

270 days and t h e  s p a c e c r a f t  w i l l  be between a l a t i t u d e  of 15" 

and 17.2'  f o r  about 200 days of  t h i s  t i m e ,  i . e . ,  between about  

1.5 and 3 AU. This i s  an a t t r a c t i v e  exp lo ra to ry  mission t o  

non-ec l ip t i c  space.  The communications d i s t a n c e  reaches 4 AU 

by t h e  t i m e  o f  i n t e r c e p t  which w i l l  occur  about  a month before  

t h e  s p a c e c r a f t  becomes p a r t i a l l y  obscured by t h e  Sun. 

miss ion  w i l l  pass  above t h e  main  concen t r a t ion  of  t h e  a s t e r o i d  

b e l t  and amongst o t h e r  d a t a  should provide a good i n d i c a t i o n  

of  t h e  d e n s i t y  g r a d i e n t  of a s t e r o i d a l  dus t  ou t  of  t h e  e c l i p t i c  

plane.  This mission has  been s p e c i f i e d  f o r  t h e  minimum i d e a l  

v e l o c i t y  t o  3 AU and B = 15" and i t  should be noted t h a t  an 

i n c r e a s e  o r  decrease of t h e  f l i g h t  t i m e  would i n c r e a s e  t h e  

r e q u i r e d  i d e a l  v e l o c i t y .  

w i t h  a Centaur launch v e h i c l e  and a low energy (Isp = 300) 

s t a g e .  B a l l i s t i c  f l i g h t s  t o  l a r g e r  d i s t a n c e s  o r  h ighe r  l a t i t u d e s  

would r e q u i r e  a Sa turn  V type  o f  vehicle. 

Figure 11 shows t h e  d e t a i l s  

This 

However i t  w i l l  r e q u i r e  a Sa turn  1 B  
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However i t  does no t  seem reasonable  t o  u s e  a Sa turn  V 

w i t h  p r e f e r a b l y  t h r e e  o r  more s t ages  t o  p lace  a r e l a t i v e l y  

s m a l l  s p a c e c r a f t  (& 500 l b s . )  beyond 3 AU and f3 = 15". 

b e t t e r  a l t e r n a t i v e  would be t o  use a t h r u s t e d  s t a g e  which 

could be launched w i t h  a Sa turn  1 B  v e h i c l e .  

c u l a t i o n s  of t h r u s t e d  t r a j e c t o r i e s  i n d i c a t e  t h a t  w i t h  a 

J e 2 5  (J i s  t h e  t h r u s t e d  equiva len t  of Isp) and f l i g h t  t i m e s  

l i m i t e d  t o  300 days,  a l l  h e l i o c e n t r i c  l a t i t u d e s  are a c c e s s i b l e .  

The d i s t a n c e - l a t i t u d e  combinations range from about  4 AU i n  

t h e  e c l i p t i c  through 2 AU a t  30" t o  0.5 AU a t  90'. 

parameter  J i n  pe r spec t ive  i t  can be noted t h a t  t h e  SNAP 50 

system should develop a J "'50 and be f e a s i b l e  beyond about  

1975. By i n c r e a s i n g  t h e  t i m e  of f l i g h t  c o n s t r a i n t  f o r  t h r u s t e d  

t r a j e c t o r i e s  l a r g e r  h e l i o c e n t r i c  d i s t a n c e s  t o  a l l  l a t i t u d e s  

become a c c e s s i b l e .  

A f a r  

Pre l iminary  c a l -  

To put  t h e  
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Table 8 ~ 

INTERPLANETARY MINIMUM ENERGY MISSION TO 3 AU, 
15" LATITUDE 

T r a j  ec  t o r y  Parameters 

I d e a l  v e l o c i t y  AV = 61,500 f t / s e c  
T i m e  o f  f l i g h t  TF = 265 days Communications d i s t a n c e  
F l i g h t  angle  HCA = 118" RCin te rcep t  = 4 AU 

I n c l i n a t i o n  i = 1 7 . 2 "  

Time above 6 = 15" = 200 days 

Payload 

Experimental  payload (h igh  capac i ty  dus t  d e t e c t o r )  55 
Transmi t t e r  (5 w a t t s  25 b i t s / s e c  210' DSIF) 
Antenna (25 db 3 '  d i a )  
Data encoder ,  s t o r a g e  e t c .  
Power supply (100 w a t t s  i s o t o p i c )  
B a t t e r i e s  
Launch c o r r e c t i o n  (less p r o p e l l a n t )  
A t t i t u d e  c o n t r o l  ( l e s s  p r o p e l l a n t )  
S t r u c t u r e  and s h i e l d i n g  

Spacecraf t  weight a t  t a r g e t  area 
Launch c o r r e c t i o n  p r o p e l l a n t  
A t t i t u d e  c o n t r o l  p r o p e l l a n t  

E f f e c t i v e  weight of shroud and adap te r  
Spacecraf t  weight a t  s t a r t  of t r a j e c t o r y  

T o t a l  e f f e c t i v e  weight  of payload 

Launch Vehicle-Payload Combinations 

Floxed Atlas-Centaur + HE* = 250 l b s .  
S a t u r n  1 B  + Centaur + LE* e 400 l b s .  
T i t a n  I I I - C  (minus t r a n s  s t age )  
i D e l t a  II f LE 900 l b s .  

10 
6 

10 
100 

10 
6 

10 
50 

257 
4 

25 
285 

60 

- 

- 
- 

-O % 350 +5 

* HE k i c k  s t a g e  Isp = 455 secs ,  LE k i c k  s t a g e  Isp = 300 secs .  
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6.4 Mu 1 t i p  l e  Miss i o n s  

It i s  d i f f i c u l t  t o  present  a g e n e r a l i z e d  method f o r  

determining the optimum t r a j e c t o r i e s  which w i l l  p l a c e  two o r  

more s p a c e c r a f t  i n  predetermined r e l a t ive  p o s i t i o n s  i n  space.  

However a f e w  examples are g iven  here o f  p o s s i b l e  m u l t i p l e  

miss ion  c o n f i g u r a t i o n s .  

The most obvious combination o f  t r a j e c t o r i e s  i s  a 

h i g h l y  e l l i p t i c a l  Ea r th  o r b i t i n g  t r a j e c t o r y  i n  con junc t ion  

w i t h  an i n t e r p l a n e t a r y  t r a j e c t o r y .  

c r a f t  monitors  t h e  i n t e r p l a n e t a r y  medium f o r  about  1 /4  of i t s  

o r b i t  nea r  apogee. The o t h e r  spacecraft monitors  t h e  medium 

a long  i t s  t r a j e c t o r y .  

i n  space  f o r  comparison al though f o r  s e p a r a t i o n s  o f  t h e  o r d e r  

o f  an AU between t h e  s p a c e c r a f t  there w i l l  be a s i g n i f i c a n t  

l ong i tude  s e p a r a t i o n .  

The Ea r th  o r b i t a l  space-  

This provides  measurements a t  two p o i n t s  

Another c o n f i g u r a t i o n  i s  t o  suppor t  a p l a n e t a r y  space- 

c r a f t  w i t h  a second i n t e r p l a n e t a r y  miss ion  such t h a t  a d e s i r a b l e  

s p a t i a l  a l ignment  i s  achieved during a c r i t i c a l  phase o f  a 

p l a n e t a r y  miss ion  - probably during p l a n e t  i n t e r c e p t .  The 

t r a j e c t o r i e s  i n  t h i s  case cannot be g e n e r a l i z e d  s i n c e  the 

p l a n e t a r y  t r a j e c t o r y  w i l l  be s p e c i f i c  f o r  each launch d a t e .  

However f o r  a p a r t i c u l a r  launch window i t  would be p o s s i b l e  

t o  c a l c u l a t e  the optimum suppor t ing  t r a j e c t o r i e s  f o r  t h e  second 

s p a c e c r a f t .  
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Where t h e r e  i s  no s p e c i f i c  t a r g e t  f o r  e i t he r  of  the 

miss ions  i t  i s  p o s s i b l e  t o  use  the g e n e r a l i z e d  t r a j e c t o r i e s  

d i scussed  i n  Sec t ion  4 t o  determine t h e  f l i g h t  parameters  f o r  

m u l t i p l e  i n t e r p l a n e t a r y  miss ions  i n  t h e  e c l i p t i c  p lane .  

e c l i p t i c  f l i g h t s  i t  i s  p o s s i b l e  t o  use  a s imple r o t a t i o n  t o  

a l i g n  long i tudes  bu t  i t  becomes r a t h e r  complex t o  a l i g n  longi -  

tude  and l a t i t u d e  s i n c e  each f l i g h t  would r e q u i r e  a s i g n i f i c a n t l y  

d i f f e r e n t  i n c l i n a t i o n  (Appendix 1). F igures  12-15 have been 

inc luded  t o  show t h e  launch s e p a r a t i o n  and i d e a l  v e l o c i t i e s  f o r  

a l ignment  of  t h r e e  s p a c e c r a f t  a t  a g iven  t i m e  a f t e r  the f i r s t  

launch. F igure  1 2  shows the t r a j e c t o r i e s  f o r  a l ignment  a t  5 AU, 

4 AU and 3 AU a f t e r  500 days.  S i m i l a r  curves  (Figures  13 and 

14) are shown f o r  300 and 200 day al ignment  i n  the e c l i p t i c  

p lane .  F i n a l l y  F igu re  15 shows t h e  re la t ive  p o s i t i o n s  o f  

s p a c e c r a f t  u s i n g  t h e  same i d e a l  v e l o c i t y  and t r a j e c t o r y  b u t  j u s t  

s e p a r a t i n g  t h e  launch da te .  

For 

Mission p r o f i l e s  have not been t a b u l a t e d  f o r  m u l t i p l e  
f 

miss ions  s i n c e  t h e i r  major o b j e c t i v e s  w i l l  probably on ly  be 

d e f i n a b l e  a f t e r  the s i n g l e  exp lo ra to ry  miss ions  have been i n t e r -  

p r e t e d .  
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APPENDIX 1 

FAMILIES OF MINIMUM ENERGY TRAJECTORIES 

The families of trajectories cover the region of 
space within 5 AU of the Sun and between + 50" 
latitude. 
would appear i n  the orbit plane. 

- 
A l l  trajectories are drawn as they 
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APPENDIX 1 

FAMILIES OF MINIMUM ENERGY TRAJECTORIES 

1. INTRODUCTION 

It i s  of g r e a t  convenience when s tudying  f u t u r e  deep 

space missions t o  have a v a i l a b l e  a gene ra l i zed  compilat ion of 

t r a j e c t o r y  d a t a .  This appendix p re sen t s  such a s e t  of  da t a  which 

inc ludes  not  only the  most obvious parameters  such as i d e a l  

v e l o c i t y  and f l i g h t  time b u t  a l s o  h e l i o c e n t r i c  f l i g h t  ang le ,  

communications d i s t a n c e ,  r e l a t i v e  Earth-Sun and s p a c e c r a f t  

p o s i t i o n s ,  i n c l i n a t i o n  of t h e  o r b i t  plane and t ime above t h e  

t a r g e t  l a t i t u d e ,  a l l  f o r  minimum energy t r a j e c t o r i e s  t o  a spec- 

i f i e d  h e l i o c e n t r i c  d i s t a n c e  ( r )  and l a t i t u d e  @). This i s  

p o s s i b l e  when no h e l i o c e n t r i c  longi tude i s  used i n  t h e  s p e c i f i -  

c a t i o n  o f  t h e  t a r g e t  area. Therefore  t h e  compilat ion has  l i m i t e d  

a p p l i c a t i o n  f o r  p l a n e t a r y  missions where t h e  longi tude  of t h e  

E a r t h  and t h e  t a r g e t  a r e  cons t ra ined  by t h e i r  r e s p e c t i v e  

ephemerides.  However f o r  i n t e r p l a n e t a r y  missions where a 

r e l a t i v e  E a r t h - t a r g e t  longi tude  i s  not  s p e c i f i e d  they o f f e r  a 

good f i r s t  approximation t o  t h e  reqtriired parameters .  

2. MINIMUM ENERGY TRAJECTORIES I N  THE ECLIPTIC PLANE 

The most f a m i l i a r  m i n i m u m  energy t r a j e c t o r y  i n  t h e  
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e c l i p t i c  plane i s  t h e  Hohmann t r a n s f e r .  This  r e q u i r e s  a launch 

a t  t h e  p e r i h e l i o n  of t h e  o r b i t  for  t r a j e c t o r i e s  o u t s i d e  t h e  

Earth's o r b i t  (aphel ion i n s i d e  1 AU) w i t h  a f l i g h t  angle  of 

180".* For a Hohmann t r a j e c t o r y  t h e  v e l o c i t y  a t  launch i s  

p a r a l l e l  t o  the E a r t h ' s  v e l o c i t y  (Ve) and hence maximum a s s i s -  

t ance  i s  obta ined  from Ve. Figure A 1  shows a family of p e r i -  

h e l i o n  launched t r a j e c t o r i e s  which a r e  Hohmann e l l i p s e s  where 

aphel ion  i s  l e s s  than i n f i n i t y  (Curves 1-5). (Also shown i s  

t h e  per ihel ion-launched pa rabo l i c  t r a j e c t o r y  (Curve 6 )  and 

hyperbol ic  t r a j e c t o r i e s  (Curves 7 -12) . )  Time of f l i g h t  contours  

are included.  

An i n t e r e s t i n g  s i t u a t i o n  a r i s e s ,  however, i n  t h a t  

a l though i t  i s  c l e a r  t h a t  t hese  a r e  minimum energy t r a j e c t o r i e s  

t o  p o i n t s  a t  t h e i r  a p h e l i a ,  they a r e  a l s o  very  c l o s e  t o  t h e  

m i n i m u m  energy t r a j e c t o r i e s  t o  a l l  p o i n t s  i n  t h e  s t a t e d  t i m e  o f  

f l i g h t .  This approximation a r i s e s  because the  h e l i o c e n t r i c  

v e l o c i t y  r equ i r ed  by a spacec ra f t  i s  a maximum a t  t h e  p e r i h e l i o n  

of a n  o r b i t  and it i s  sometimes b e t t e r  t o  launch s l i g h t l y  a f t e r  

p e r i h e l i o n  where a lower s p a c e c r a f t  v e l o c i t y  i s  demanded and 

which more than compensates f o r  t h e  s l i g h t  loss  of a s s i s t a n c e  

from t h e  E a r t h ' s  o r b i t a l  v e l o c i t y .  The s e p a r a t i o n  between 

p e r i h e l i o n  and launch r a r e l y  exceeds a few degrees  f o r  minimum 

energy t r a j e c t o r i e s  i n  t h e  e c l i p t i c  p lane .  Thus F igure  A - 1  

g ives  a family of t r a j e c t o r i e s  from which one can be s e l e c t e c  

* Only t r a j e c t o r i e s  o u t s i d e  1 A U  w i l l  be d iscussed  s i n c e  those  
i n s i d e  evolve d i r e c t l y  from t h e  same reasoning and s u b s t i t u t i o n  
of aphel ion  f o r  p e r i h e l i o n .  
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which i s  a c l o s e  approximation t o  t h e  minimum i d e a l  v e l o c i t y  

t r a j e c t o r y  t o  a s p e c i f i e d  d i s t ance ,  r ,  i n  a s p e c i f i e d  t i m e  o f  

f l i g h t .  

r e q u i r e  an i d e a l  v e l o c i t y  4 8 , 5 0 0  f t / s e c ,  t h e  h e l i o c e n t r i c  

f l i g h t  ang le  w i l l  be 1 4 0 " ,  and the communications d i s t a n c e  a t  

i n t e r c e p t  w i l l  be 4 AU w i t h  the  s p a c e c r a f t  obscured by t h e  Sun. 

A s i m i l a r  se t  of  t r a j e c t o r i e s  i s  shown i n  Figure A 2  f o r  f l i g h t s  

i n s i d e  t h e  E a r t h ' s  o r b i t .  

3 .  M I N I M U M  ENERGY TRAJECTORIES OUT OF THE ECLIPTIC PLANE 

For example, t o  a r r i v e  a t  3 AU i n  310 days w i l l  

The same type of p re sen ta t ion  has  been used f o r  non- 

e c l i p t i c  t r a j e c t o r i e s ,  where t h e  t a r g e t  a r e a  i s  s p e c i f i e d  by a 

d i s t a n c e  and a l a t i t u d e .  The t r a j e c t o r i e s  a r e  drawn a s  they  

appear  i n  t h e  o r b i t  plane.  Famil ies  of  t r a j e c t o r i e s  have been 

drawn f o r  va lues  of 6, t h e  t a r g e t  l a t i t u d e ,  o f  5 " ,  l o " ,  15", 20", 

2 5 " ,  3 0 " ,  4 0 " ,  and 50" .  

f o r  t r a j e c t o r i e s  between t h e s e  d i s c r e t e  va lues .  

However i t  i s  p o s s i b l e  t o  i n t e r p o l a t e  

A f e a t u r e  of non-ec l ip t i c  t r a j e c t o r i e s  i s  t h a t  i f  t h e  

o r b i t  plane i s  i n c l i n e d  a t  io,  t h e  h e l i o c e n t r i c  l a t i t u d e  of con- 

s e c u t i v e  p o i n t s  a long t h e  o r b i t  varies from 0" t o  i" t o  0" t o  

-io etc .  I n  an o r b i t  plane of  i n c l i n a t i o n  i, l i n e s  of cons t an t  

l a t i t u d e  6 can be drawn through t h e  Sun a t  angles  

+ - a t o  t h e  Earth-Sun l i n e  a t  launch. The ang le  a i s  given by 

a and 180" 

When 6 > i t h e  o r b i t  does not  inc lude  any p o i n t s  a t  l a t i t u d e  @ ;  

when f3 = i then a = 90" and j u s t  one l i n e  of cons t an t  8 e x i s t s .  
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When 0~ @ 7 i then  fou r  such l i n e s  e x i s t  i n  t h e  o r b i t  p l ane ,  

two above and two below the e c l i p t i c  p l a n e ,  

t h e r e  are j u s t  fou r  p o i n t s  on an e l l i p t i c a l  o r b i t  o f  i n c l i n a t i o n  

i which have a l a t i t u d e  B c io 

e c l i p t i c  p l ane  need n o t  be considered because o f  t h e  symmetry 

of t h e  o r b i t .  O f  t h e  o t h e r  two, one w i l l  be a t  a s i g n i f i c a n t l y  

l a r g e r  h e l i o c e n t r i c  d i s t a n c e ,  u s u a l l y  i n  t h e  second quadrant  o f  

t h e  o r b i t .  

p o i n t s  i s  de f ined  and by f u r t h e r  s p e c i f y i n g  a d i s t a n c e ,  r ,  a 

s i n g l e  i n t e r c e p t  p o i n t  i s  de f ined  w i t h  r e s p e c t  t o  the Sun and 

the E a r t h  a t  launch. 

p o i n t  can be found f o r  that  o r b i t  p lane .  

d i f f e r e n t  i n c l i n a t i o n  i ' ,  say, i s  cons ide red ,  t h e  t a r g e t  p o i n t  

( r ,  B )  does not  have t h e  same longi tude  bu t  i s  s t i l l  s p e c i f i -  

c a l l y  de f ined ,  and ano the r  minimum i d e a l  v e l o c i t y  t r a j e c t o r y  can 

be found f o r  t h e  i' plane .  

which provideF a t r u l y  a minimum energy t r a j e c t o r y  t o  each spec- 

i f i e d  t a r g e t  ( r ,  B ) .  I n  fac t  these  t r a j e c t o r i e s  w i l l  a l s o  n o t  

be launched a t  p e r i h e l i o n  f o r  the s a m e  reason  as f o r  t h e  e c l i p t i c  

t r a j e c t o r i e s  i n  t h a t  t h e  lower v e l o c i t y  r e q u i r e d  a t  p o i n t s  a f t e r  

p e r i h e l i o n  more than  compensates f o r  t h e  l o s s  of  a s s i s t a n c e  from 

t h e  Earth 's  o r b i t a l  v e l o c i t y .  

e c l i p t i c  miss ions  s i n c e  a component o f  Ve i s  a l r e a d y  l o s t  by 

launching a t  an a n g l e  t o  t h e  e c l i p t i c  p lane .  

e c l i p t i c  t r a j e c t o r i e s  t h e  angle  between p e r i h e l i o n  and launch 

i s  approximately equa l  t o  t h e  i n c l i n a t i o n  ang le .  

Thus i n  g e n e r a l  

The two of t h e s e  below t h e  

By s p e c i f y i n g  @ and i a s i n g l e  locus  o f  i n t e r c e p t  

The minimum energy t r a j e c t o r y  t o  t h i s  

I f  an  o r b i t  p lane  o f  

There i s  c l e a r l y  an  i n c l i n a t i o n  io 

This i s  accen tua ted  f o r  non- 

I n  f a c t  f o r  non- 
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Figures  A 3  t o  A 1 8  show families o f  minimum energy tra- 

j e c t o r i e s  t o  h e l i o c e n t r i c  d i s t a n c e s  between 0.5 and 5 AU f o r  

t h e  s p e c i f i e d  t a r g e t  l a t i t u d e s ,  The t r a j e c t o r i e s  are  drawn as 

they  would appear  i n  t h e  o r b i t  p lane ,  It can be no ted  tha t  

v e r y  f e w  o f  t h e  o r b i t  p lanes  have i n c l i n a t i o n s  e q u a l  t o  t h e  

d e s i r e d  l a t i t u d e ,  S ince  i n  g e n e r a l  i> f3, t h e  s p a c e c r a f t  w i l l  

t r ave l  above t h e  t a r g e t  l a t i t u d e  f o r  p a r t  o f  i t s  o r b i t .  This 

i s  shown by the f u l l  l i n e  p a r t  of the t r a j e c t o r y  and f o r  low 

i n c l i n a t i o n  l a r g e  d i s t a n c e  f l i g h t s  t h i s  i s  f o r  t h e  major p a r t  

o f  each h a l f  o r b i t ,  The locus of i n t e r c e p t  p o i n t s  f o r  each 

l a t i t u d e  i s  shown and t h e r e f o r e  i d e a l  v e l o c i t y ,  t i m e  o f  f l i g h t  

and o r b i t  i n c l i n a t i o n  can be e s t ima ted  f o r  i n t e r m e d i a t e  t ra -  

j e c t o r i e s .  Communication d i s t a n c e s  can a l s o  be e s t i m a t e d  

remembering t h a t  t h e  o r b i t  i s  i n c l i n e d  t o  t h e  E a r t h ' s  o r b i t a l  

p l a n e ,  By observ ing  a l l  t h e  minimum energy t r a j e c t o r i e s  t o  a 

given l a t i t u d e  6 ,  the a b s o l u t e  minimum i d e a l  v e l o c i t y  t r a j e c t o r y  

t o  tha t  B can be deduced and i n  f a c t  w i l l  always i n t e r c e p t  a t  

a p o i n t  i n s i d e  t h e  E a r t h ' s  o r b i t .  This  can a l s o  be seen from 

the p l o t s  of minimum i d e a l  v e l o c i t y  i n  F igu re  2 of t h e  pre-  

ceding  r e p o r t .  

4 .  MULTIPLE TRAJECTORIES 

An i n t e r e s t i n g  a d d i t i o n a l  u s e  o f  t h e  families o f  t r a -  

j e c t o r i e s  l ies  i n  the c o n s t r u c t i o n  o f  m u l t i p l e  miss ions .  The 

e c i i p t i c  plane family has  been  used as an  example, S ince  the 

cu rves  w i l l  always be minimum energy whatever the r e l a t ive  

p o s i t i o n  o f  the E a r t h  a t  launch, t h e  f i g u r e  can be r o t a t e d  
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through 360" t o  cover  a l l  p o i n t s  i n  t h e  e c l i p t i c  plane.  Thus 

a s e r i e s  of  t a r g e t  p o i n t s  can be s e l e c t e d  a t  va r ious  r a d i i  and, 

say ,  i n  alignment wi th  t h e  Sun a f t e r  500 days from t h e  f i r s t  

launch (F ig .  1 2 ) .  The minimum energy t r a j e c t o r i e s  can be 

determined as t h e  ones t h a t  pass  through t h e  r e s p e c t i v e  d i s t a n c e s  

wi th  t h e  c o r r e c t  t i m e  of f l i g h t .  

o f  t r a j e c t o r i e s  about t h e  Sun i s  r e q u i r e d  t o  achieve t h i s  but  

then y i e l d s  t h e  appropr i a t e  launch sepa ra t ion .  Since t h e r e  i s  

only  one minimum energy t r a j e c t o r y  t o  a given r a d i u s  i n  a spec- 

i f i e d  t i m e  of f l i g h t ,  each of the  m u l t i p l e  t r a j e c t o r i e s  w i l l  

have d i f f e r e n t  i d e a l  v e l o c i t i e s  and f l i g h t  parameters .  

Rota t ion  of t h e  b a s i c  family 

This technique i s  r e s t r i c t e d  f o r  n o n - e c l i p t i c  t r a j e c t o r i e s  

and only  very  approximate r e s u l t s  can be obta ined .  This  i s  

because each of t h e  t r a j e c t o r i e s  i s  only minimum energy t o  t h e  

t a r g e t  p o i n t  and un l ike  t h e  e c l i p t i c  t r a j e c t o r i e s  do n o t  r ep re -  

s e n t  t h e  minimum energy f l i g h t s  t o  o t h e r  p o i n t s  a long them. 

C l e a r l y  t h e  l a t i t u d e s  of t h e  o t h e r  p o i n t s  are no t  equal  t o  ,f3. 

I n  view of t h e  f a c t ,  however, t h a t  t h e  i n c l i n a t i o n s  a r e  only 

one o r  t w o  degrees  l a r g e r  than B they can be used f o r  very  

approximate e s t ima t ions  of  mul t ip l e  t r a j e c t o r i e s  t o  va r ious  

r a d i i  a l i g n e d  w i t h  t h e  Sun. 
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Fig.  A 7  FAMILY O F  MINIMUM IDEAL VELOCITY T R A J E C T O R I E S  T O  A LATITUDE 
p = 15" (1 r < 5 AU) (TRAJECTORIES DRAWN I N  PLANE O F  O R B I T )  
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Fig. A8 FAMILY OF MINIMUM ENERGY TRAJECTORIES TO A LATITUDE f1 = 15" 
(0.5 <: r <  1 AU)(TRAJECTORIES DRAWN IN PLANE 

OF ORBIT) i 
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Fig. A l l  FAMILY OF MINIMUM IDEAL VELOCITY TRAJECTORIES TO A 
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FAMILY OF M I N I M U M  IDEAL VELOCITY TRAJECTORIES TO A 
LATITUDE I \  = 30" (1 r < 5 AU)(TUJECTORIES DRAWN 

I N  PLANE OF ORBIT) 
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Fig. A15 

of In 
P o i n t s  

FAMILY OF MINIMUM IDEAL VELOCITY FLIGHTS TO A LATITUDE 
1 ,  = 40" ( 1 r <  5 AU)(TRAJECTORIES DRAWN IN PLANE 

OF ORBIT) 
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